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I.  INTRODUCTION  f  I 

”  •  -•  .p  ■' Vsf1’ 

&:  ’  •«"  . 

The  reverberation  of  sound  from  an  ensonlfled  area  at  the  sur¬ 
face  of  the  ocean  is  a  process  in  which  diffuse  scattering  from  the 
sea  surface  and  a  subsurface  volume  (sublayer)  as  well  as  specular 

reflection  from  the  surface  take  par*  ;  this  has  been  recognized  for 
1* 

some  time.  The  reverberation  of  acoustic  energy  from  the  surface 
and  its  sublayer  is,  patently,  associated  with  the  "texture*  of  the 
sea  surface  and  turbulent  fluctuations  below  the  surface.  This 
paper  separates  the  total  reverberation  strength  of  ocean  surface 
into  scattering  and  reflection  contributions  and  analyzes  scattering 
into  that  due  to  the  rough  sea  surface  itself,  and  that  due  to  a 
turbulent  sublayer.  There  are  two  bases  for  this  analysis:  (1) 
acoustic  reverberation  data  over  a  range  of  frequencies,  grazing 
angles,  and  sea-surface  wind  speeds,  and  (2)  optical  laboratory  and 
sea  measurement  of  air-driven  water-surface  slope  and  slope  spectral 
densities,  modified  to  interpret  acoustic  scattering  data  and  de¬ 
scribe  acoustic  reflection  data. 

This  paper  begins  by  presenting  from  the  literature  the  theo¬ 
retical  bases  used,  as  they  relate  to  mathematical,  statistical,  and 
physical  aspects  of  the  analysis.  Next,  the  paper  continues  by  pre¬ 
senting  in  tabular  or  graphical  form  the  acoustic  and  optical  exper¬ 
imental  data  immediately  pertinent  to  the  analysis  given  here. 

The  analysis  which  then  follows,  proceeds  by  using  the  previ¬ 
ously  developed  relationship  between  acoustic  scattering  strength 
and  acoustic  frequency,  grazing  angle,  and  sea-surface  elevation 
power  spectral  density  (psd)  to  compare  elevation  pad  derived  from 


References  and  footnotes  are  numbered  at  the  end  of  the  main  paper. 
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acoustic  and  optical  data.  Scattaring  from  a  stochastic  surface  is 
described  by  decomposing  the  surface  to  sinusoids  of  varying  ampli- 
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tude  and  then  cdniputing  thf  -scattering  Strength  due  to:  resonant  in- 
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t e ract ions  of -radiant  field  and  Fourier  components  of  the  surface, 
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The  comparison  of c elevation  psd  from  these  -wo , sources  shows  suffi- 
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witKAsome  qualification,  in  E'sd’s  developed  from  acoustic  reverbera¬ 
tion  !dat  a."  In  the  process:  of  analyzing  acoustically -based  elevation 
pSd,  three  sea^surf ace  wind  speed  regimes  are  founds  4  v  ■ 

.Nexti- given  acoustically  based  elevation  spectra  of  the  sea 
surface  as  °a  function  of  Wind"  speed,; the  paper  continues  by  using 

>  •  -  '  _  'j  -  <■  .  ..1  *  '  •  '  %  '  ^ >  v  ..  .  s 


the  general  dependence  of  turbulent  volume'  Scattering  upon,  acoustic 
frequency,  grazing  angle,  and  turbulent  volume  psd — based  on  small 

*>  V  .  .*•  W  . '••  .  v.  .  CCp  -  ■-  :  ..  • 

enough  grazing  angles — to  Separate  volume  and  Surface  scattering  and 

O  .  •  .  •  .  '.  ■.  '  <■ 

to  determine  a  turbulent  volme  spectral  density.  This  scattering, 
due  to  index  of  refraction  fluctuations  in  a  turbulent  volume ,  is 

^  .  v  ^  O't  •  -  j  j  . 

analyzed  in  a  manner  related  to  the',  resonant  interaction  described 
above  for  rough  surfaces.  From  this  it5  IS  possible  to  estimate  sea- 
.  surface  sublayer  scattering.  Presently  there  is  Ho  basis  for  choosing 
the  physical  field  whosetfluctuations  cause,  scattering.,. 

Finally,  starting,  with  optical!^.,  based  slope  psd,  both  sea-  * 
surface  elevation  and  curvature^e|atjid  psd'^  may.he  calculated. 

From  these,  the  reflections  strength  of  facets  of  the  sea  surface  may 

"  z‘-  ■  .  15  „.  -  SJK.  .  '  »  •  O  '  .lyi  :  .r 

be  found  as  a  function  of  sea-surface  wind  speed,  incidence  angle, 

<j  u  •  i  <>‘4}  .I*  ■  .?■  o  ■  v 

revibusly  developed  relationships. 
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In  summary,,  this' paper  makes  use  of  acoustic  and  optical  experi¬ 
mental  data  to’derive  appropriate  wind-driven  sea-surface  statistics, 
from  which  scattering  strength  of  the  sea  surface  and  its  sublayer, 
and  reflection  strength'of  the  surface  are  determined  as  a  function 
of  grazing  or  incidence  angle acoustic  frequency,  and  sea-surface 
wind  speed.  The  paper  relies  upon  many  of  the  ideas  presented  in  a 
related  paper  ’previously  published; 
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^  As  '  it  •  is  true  that  surface' arid  volume  scattering  and  surface 
reflection  of  acoustic  energy  from  the  surface  and  near;'  surface  of 
the  sea  are  dependent  upon  the  statistics  of  the  irregularities  of 
the  scattering  and  reflect ing„ spaces  as  well  as  upon  the  frequency 
and  incidence  angle  of  that  energy,;  this  section  will  present  theo¬ 
retical  relationships --{for  surface  scattering  strength  (Ns )  and  sur¬ 
face  reflection  strength  (N„)  of  the  sea,  and  for  the  volume  scat¬ 
tering  strength  of  the  sea-surface  sublayer  (Nv )  in  terms  of  acous¬ 
tic  frequency  (fr )  or  acoustic  wave  number  (k,  =  2nfr /c),  grazing 
angle  (cp),  and  some  appropriate  function  of  surface  elevation  power 
spectral  density  Cpsd  =  E,  with  suitable  subscripts).  Since  E  is  a 
function  of  air  or  wind  SpCed  v,  it  is  through  psd's  that  total  re¬ 
verberation  strength  (NT )  depends  upon  wind  .speed.  Thus,  with  N  in 
decibels  (for  definition,  ,cf.  Appendix  B) 

■f  iont/10  =  10N»/10  +  10N*c^1(?H  10N»^j'K‘ 
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A.  SPECTRA' 
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"  The  relationships  among  one-  'and  t^wo-dimens ional  (,1-D  and  2-D) 
spectra,  together  with  related  statistics  and  functions.,  are  summa¬ 
rized  here.  Scattering  due  to  elevation  irregularities  of  the  sea 

'  ’  i  .  »  v  t  /•  .  JKJ,'  •* 

surface  is  considered  next,  then  scattering  strength  due  to  the  sub- 

,  ‘9  '  ,x  f ''  ..  .  <!  D  K* 

0  surface  volume,  followed  by  a  discussion  of  reflection  strength  of, 
presumably,  suitably  disposed  sea-surface  "facets"  at  near  normal 
incidence  of  the  acoustic  energy  to  the  surface.  When  dealing  with 

O  '  '  ■  ■  Q  - 

spectra  of  the  Sea  Surface  at  large  wave  numbers,  it  is  necessary 
for  lack  of  better  information  at  the  present  time  to  assume  both 
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isotropic  and  homogeneous  conditions.  That  this  is  untrue  is  known 
and,  in  fact,  is  almost  self-evident  to  any  sea-watcher;  on  the  ' 
other  hand,  it  is  likely  that  .at  the  scale  of  horizontal  distances 
of  interest  in  acoustic  scattering  the  elevation  of  roughness  does 
net  vary  greatly  from  upWind-downwind  direction  to  crosswind  direc¬ 
tion.  In  any  case,  the  sea  surface  is  treated  here  as  If  isotropic 
and  homogeneous,  and  some  justification  will  be  given.  0 

• Probably  the  root  mean  square  (rrns)  elevation  (^  )  of  the  sea 
surface  is  the  physical  quantity  about  which  one  has  the  best;  intui¬ 
tive  feeling,  and  it  is  therefore  a  likely  starting  point.  Thus,  , 

Vv,  •  Jj-  ,  <  c 

along  a  given  line  on  a  rough  surface,  the  variance  (erf )  of  the  ele¬ 
vation  along  that  line  is  just  the  integral  of  the  power  spectral 
density  of  elevation  [E2 (ks ,v)]t , 


m  (k* ,  v)!  dks 


0 


In  this  functional  dependence  of  E,  the  subscript  z  indicates  that 
elevation  z  is  the  quantity  whose  density  is  being  expressed,  k^  is 
a  spatial  wave  number  (as  opposed  to  acoustic  wave  number  kr ),  v  is 
the  characteristic  speed  of  the  air  or  wind  over  the  water  surface, 
and  the  subscript  1  means  that  the  spectrum  is  for  the  1-D  case, 
i.e. ,  along  a  line.  The  Spatial  wave  number  ks  -  2ttA$  is  a  con- 

*  *  '  ’C'  ft  v.  "  ’  O  o  J 

venient  independent  variable  for  describing  the  Fourier  components 
of  a  stochastic  process.  The  radiation cwave  number  k.  =  2rr/\r  is  a 
similarly  convenient  variable  for;  describing  the  radiant  energy  os¬ 
cillations  on  the  same  scale.  If  elevation  irregularities  of  the 
surface  in  question  are  isotropic  and  homogeneous,  then  the  eleva¬ 
tion  psd  is  identical  along  all  fines.  * 

Frequently,  roughness  characteristics  of  a  line  or  surface  are 
expressed  by  recourse  to  a  correlation  function  Bj (x,y)  where  x,  y, 
and  z  are  mutually  orthogonal  axes.  For  an  isotropic,  homogeneous 

surface,  the  correlation  function  is  not  a  function  of  direction  and 
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can  be  expressed  in  terms  of  a  single  variable  as  Bj (r).  Now  fun¬ 
damentally  it  is  true  that 


-*  fx  •' 


Bz  (r,y).  =  <z(p,v)  •  z(p+r,v)>  , 


where  p  is  a  point  on  the  surf  ace  ,  and  f  is  distance,  from  that  point  , 
and  (  )  indicate  averaging  over,  all  points  on  the  surface.  The  cor¬ 
relation  function  is  expressible  not  only  as  an  average  over  the  sur¬ 
face  of  the  product  of  elevations  at  a  given  distance  r,  but  also  as 
a  transformation  of  the  elevation  psd.  Thus, 


Mr 
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exp  (ik,r)[Ez  (ks  jv)]!  dk,  .  (4) 
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The  correlation  function  B* (r,v)  allows  the  definition  of  the  corre¬ 
lation  length  rz(v)  of  iha  surface  as  '  0 

<,  v> 

:  i!  %  (ry  >*) (0» v)  =  e-1  .  ■  c,  (5) 
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Depending  upon  the  distribution  of ;  elevation  variance  in  wave  number 
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space  Or,  on  the,  other  hand,  the  form  or  shape  of  the  related  corre- 
lat ion  function,  it  happens  that/,  >  ^ 
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as,  for  example,  one  may  demonstrate  for  exponential  or  Gaussian 
Mr,V>*  -  /t  5  jv  .  ■  ..  '*  _  O 

Though  it  is  true  ,  hat  the  correlation  function  for  an  isotropic 

/  ’<'f  I  .  1  ''■*<>.  '-v  < 

surface  is  the  same  whe  her  the  averaging  is  done  over  the  whole  sur¬ 
face  or  only  along  some  given  line  on  that  surface;  (Appendix  A),  it 
is  not  true  that  the  1-D  elevation  psd  is  the  same  as  the  2-D  psd;  in 
fact,  1-D  and  2-D  Spectra  are  incommensurate  as  they  have  different 
units.  In  Appendix  A,  the  relationship  between  [Ez (V^  ,v)]1  and 
[Ez (k, ,v)]a  is  given;  the  result  is  that4  (Appendix  A) 
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where  the  prime  on  E,  indicates  differentiation  with  respect  to  k*'. 
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The  subscript  i  is  appended  to  the  psd  of  the  left  side  of  Eq.  7  to 
emphasize  that  for  this  relation  to  be  valid,  the  surface  must  be 
isotropic ;  subsequently  the  i  is  not  used  as  isotropicity  is  assumed. 

\’s  ‘  1  „  ,'c  ;*• 

Relative  to  elevation  variance,  the  significance  of  Eq.  7  is  that 

of  =_  f  2rrkj  [Ez  (kj  ,v)]a  dkg  ?  •  ($) 
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Finally,  the  relationship  between  elevation  Irregularities  and 
surface  slope  irregularities  and  elevation  second  derivative  irregu¬ 
larities  needs  to  be  considered.  If,  as  before,  [Ez(ks)]l  is  the 
1-D  psd  of  elevation^ irregularities  at  wave  number  k,  then  the  1-D 
psd  of  slope  irregularities  of  acwater  surface  is  o 
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[E,.  (k,)],  =  k»[E:  (k*  ,v)]j 
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By  analogy  with  toe  forepoiruj,  the  rms  slope  in  a  given  direction  is 
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Generally  the  1-D  psd  of  irregularities  of  the  n  derivative  of  z 
<  is  given  by  ^ r?  '  '  \ 


[E  (*>  (Ki  ,v)]j  *  k|a[Er(k9  ,v)]i 
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Thus,  the  variance  of  the  second  derivative  of  surface  elevation 
along  a  line  is •>.  * 
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As  a  practical  matter,  for  arbitrarily  chosen  Er  (k, ,  v) ,.  o2  ( B )  need  j 

not  remain  bounded.  •  ■ ..  0V  ;i  :  y'  ■  v .  1 1 

B.  SURFACE  SCATTERING  ,0. 


Analysis  of  wave  scattering  at  an  isotrcpically  irregular  sur¬ 
face  yields  the  theoretical  relationship  for  backscattering  strength 

;  .  *?  •-  c  -■  ..  '■ 

with  grazing  angle  cp  not  too  near  jr/2.  as 


!  k*  Sin4cp[Ez  ( 2k,  cos  cp]a  , 


where  R  is  a  reflection  coefficient  given  by 
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In  Eq.  13,  Ns  is  Surface  backscattering  strength  of  the  scatterer  in  </’’  i 
decibels;  [El  ( k,  ) ]g  is  the  power  spectrum  Of  an  isotropically  rough  , j 
surface;  k*  is  acoustic  radiation  wave  number;  cp  is  the  grazing 
angle;  i.e. ,  the  angle  measured  from  the  surface  to  the  incident  ray;  j 
p  is  the  ratio  ( in  the  present  case )  of  air  density  to  water  density; 
and  c  is  the  ratio  of  spaed  of  sound:  in  water  to  speed  of  sound  in ;  I 

«..■  •■■■■•  k  • ' o  "t '  \ •  a  I 

air. ,  With  the  values  of  p (as;  1/800)  *and  c (e  5 )  of  interest  here.  One  I 
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can  show  R  a  -1  so  that  bickscattOri  i'A  strength  N,  for  the  sea  sur-  1 

face:  becomes  '  A 
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where  v,  #B  is  the  sea-surface  wind  speed.  Since  sea-surface  wind 
speed  is  a  characteristic  number,  v,ifc  must  be  measured  outside  the 
appreciable  effect  of  any  boundary  layers.  Inasmuch  as  k,  =  2nfr  /<?, 
where  fr  is  acoustic  frequency  and  c  is  tlie  speed  of  sound  in  water, 
then  the  foregoing  equation  shows  surface  reverberation  strength  to 
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be  a  function  only  of  acoustic  frequency,  grazing  angle,  and  sea- 

;V  ■  O  -  '  .  '  •  ■  .  *V  .  • 

surface  wind  speed  for  an  isotropic  surface*  For  an  anisotropic 
surface,  there; may  be  an  additional  dependence  upon  azimuth.  At 
grazing  angles  near  zero,  shadowing  of  the  surface  by  nearby  crests 

'  •'  0  .■•  -  ■  .  V  'Ov  .  V  ,  7 

may  cause  Eq.  15  to  overestimate  scattering.  c 

C. 


VOLUME  (SllWiAYER)  SCATTERING 


Analysis  of  scattering  from  an  isotropically  turbulent  i^olume 

•.  V  f  -  "  0  ’  .  fX  '  \  .  O  ‘  , 

of  fluid  shows  that,  in  a  generalized  theoretical  form,  backscattcr- 
ing  volume  reverberation  strength  varies  as  (Appendix  B) 


10N» 
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(16) 


where  Nv  is  a  turbulent  volume  backscattering  strength,  at  a  refer-  . 
ence  distance  r,^  from  the  scattering  volume,  Vt  is  the  scattering 
volume  of  the  Xt  turbulent  field,  end  x*  is  a  characteristic  value 
for  the  field  and  possibly  a  function  of,  k* ,  [Ex  (k,  j)5  is  the  power 
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spectrum  of  the  X,  <field  in  an  isotropically  irregular  volume. 


In 
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the  sea  sublayer,  X.  may  be  from  among  temperature  and  salinity  x 

*  •'  '  _s  '  'J  ~  \  4)  .O  ‘  '  i/  o  ^  V, 

fluctuation,  bubbles  and  possibly  others/'  As  a  working  assumption, 
at  this  point,  it-  .fill  be  assumed  that  fluctuations  of  a  single 
field  are  the  dominant  scattering  means,  i.e.,  if  more  than  one  field 
1  is  significant  that  index  of  refraction  fluctuations  are  congruent 
among; these.  Thus, -the  relationship  for  backscattering  from  turbu¬ 


lent  fluctuations  for  the  sea  sublayer  becomes 
”  ;  '  io",AO  =  2„k«VtE,(2k,,  V...  >],/*•  if. , 


(17) 
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There  remains  the  scattering  volume,  V,  to  be  considered. 
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Since  sea-surface  reverberation  strengths  are  reduced  on  a  sea- 
surface  reference  area  (Ar, f  =  x ?#f)  basis,  the  effective  scattering 
volume  per  unit  of  surface  area  in  Eq.  17  is 


V  =  i»#fz0(kr  )sin  cp  , 
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because  the  density  of  radiation  in  the  scattering  volume  V  varies 

"  .0  o'  <•  ■ 

as  sin  cp,  arid  because  the  volume  of  a  cylinder  or  pyramidal  frustrum 
depends  only  on  its  height  for  fixed  base  area.  In  this,  z<,(k, )  is 
the  effective  depth  to  which  scattering  of  acoustic  energy  of  wave 
number  k,  takes  place. 

It  is  likely  that  fluctuations  in  the  sublayer  are  not  isotropic 
or  homogeneous1^  and  this  contradicts  a  fundamental  assumption  of  Eq. 
16.  Besides  this,  reflection  and  refraction  at  small  grazing  angles 

c  '  .  ^  A 

may  cause  anomalous  effects*  In  practical  cases,  these  effects  may 
lie  ameliorated  in  part  because  at  large  wave  numbers  there  is  a  tend¬ 
ency  to  isotropy  as,  certainly,  there  is  no  preferred  direction  for 
the  ultimate  dissipation  due  to  eddies.  i> 

Thus,  subsurface  volume  scattering  strength  N¥  may  be  written 

:»fi  ••  .  *  •  '*  ;> 
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10N» /10  =  2nZo  (Hr  )H?sin  <p(TEx<2k- ,  •  (19) 
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One  interesting  aspect  of  this  relation  is  the  implication  that  Sub¬ 
layer  reverberation  strength  varies  as-  the  Sine  of  grazing  angle  cp, 
and  there  is  some  indication  in  the  experimental  data  of  Appendix  B 
to  confirm  this.  !>•? 


D.  SURFACE  REFLECTIONS 


e>. 


A  recently  published  pager  developed  a  relationship  for  rever¬ 
beration  strength  due  to  surface  reflections  from  an  isotropically 
rough  surface  as 

(i:y^r  1(0^)*]  ,  (S0) 
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where  N„  is  reverberation  strength  due  to  surface  reflections  from 
suitably  disposed  facets,  of/  and  of*  are  the  variances  of  the  first 
and  second  derivatives  of  surface  elevation,  and  (A, ), tt  is  the 
effective  reflecting  area  of  each  facet.  Formally  (A* )« tt  has  limit¬ 
ing  values  as  follows :  ),  tt  =  constant  for  qz*  him  >>  c/fr  =  \t , 
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;im  DATA  BASIS  , 


As  stated,  the  experimental  basis  of  this  paper  consists  of  both  ...  j 
acoustic1*11-18  and  optical7*19  data.  Through  recourse  to  the  liter-  J 

at ure1 » 11 -18.  and  through  private17*18  correspondence,  2459  data  re-  | 

lating  re.vej«  jsration  strength  to  acoustic  frequency,  grazing  angle,  ) 

‘‘•t  .  -  . 

and  wind  speed  were  obtained  (Appendix  B).  These  data  Which  are  not,  uj 

■'  .  '  '.V, 

of  course,  uniformly  dense  in  the  frequency-grazing  angle -wind  speed  v  ■>' 

0  v  O  ‘  O  * 

"space"  were  sampled  for  the  scattering  analysis  at  grazing  angles  of  i 

cp  =  10,  30,  and  50  deg.  For  the  reflection  analysis,  the  data  are  ;> 

*  -  >  .  1  C\  ,  ) 

segregated  in  a  group  with  70  deg  <  «p  s  90  deg  for  acoustic  frequency  j 

fT  =  60  kcps.  It  was  deemed  necessary  to  sample  the  scattering  data 

so  that  a  relatively  broad*  prolif ically  reported  experiment  would  i 

not  outweigh  a  perhaps  equrtly  competent,  less  elaborate  one.  Be-  ] 

cause  of  the  relative  paucity  of  data  for  sea-surface  wind  speeds  r 

■  C,  "  1  '  } 

less  than  five  knots  and  greater  than  15  knots  and,  separately,  for 
grazing  angles  near  90  deg,  these  vicinities  were  treated  as  possible 
within  the  data  available.  oFrom  Appendix  B,  Table  1  in  this  section 
gives  the  sampled  values  c0f  acqipmtic  reverberation  data  for  sea- 
surface  wind  speeds  (vM,  )  lees  than  five  knots;  Table  2  forv  wind  | 

speeds  of  v,,,  =  5,  10,  and  15  knots;  and  Table  3  for  sea-surface  wind 

speeds  greater  than  15  knots.  Table  4  gives  reverberation  data  from  j 

Appendix  B  for  70  deg  <  <p  <  90  deg,  where  it  is  deemed2  that  ref lec-  f 

tion  effects  dominate.  "  v‘. 

■  ..  1 

In  addition  to  acoustic  data  which,  as  will  be  seen,  may  be  used 
to  imply  a  sea-surface  2-D  isotropic  roughness  elevation  pad,  optical 
data  are  available  in  the  literature  which  relate  to  air-driven  water 
surface  1-D  slope  psd  as  a  function  of  air  speed  (vlBb)  over  the  j, 

water  surface;  the  air  speeds  appropriate  to  these  data  are  vUj  at  I 
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Table  1  —  SAMPLED  ACOUSTIC  REVERBERATION  STRENGTH  (db) 
experimental  data  for  sea-surface  wind  speed  <  5  KNOTS 


Wind  Speed, 


Acoustic  Frequency, 
kcps  v  ;  a. 

Reverberation 

Strength 

:  ?£•  ....  , 

:  •  60.0 

-40 

-  1.2 

-•  -46 

2.4 

'£  -49 

'  4-8  ... 

-42 

9.6 

-53 

60.0 

-42 

60.0 

-37 

:'v.  60. 0 

-37 

60.0 

-34 

60.0 

-38 

.  '  1.2 

-34 

'  2.4  '  .* 

-38 

V'  \  ?  ■  4.8  <=>  .  i  3 

60.0 

:,/l  -31 

,  '  ,  ’  -.28  . 

60.0 

o  -37  a 

60. 0 

60.0 

.  . ft  ,  . 

-39(1 
-32  1 

2.0 

2.5 

2.5 

2.5 

2.5 

.5 

2.5 

3.5 

4.-5  ■  , 


2.0 

O' 

2.5 

2.5 

2.5 

<>■ 

2.5  \ 

o  o, 

3.5 

4.0  o’  -1 

4.5 


At  all  frequencies*  except  60  kcpS,  the  frequency  given  is  the 


center  of  an  octave-wide  bandpass. 
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Table  2  —  SAMPLED  ACOUSTIC  REVERBERATION  STRENGTH, 
EXPERIMENTAL  DATA  FOR  SEA-SURFACE  WIND 
SPEED  =  5*  10,  and  15  KNOTS  V 


Grazing  Angle 


Wind  Speed 


Acouecic  Frequency, 
kepe  v. 


-30 

-33 

* 

-30 

e  ■ 

-23 

-28 

-21 

At  ell  frequencies,  except  60  tops,  the  frequency  given  it  the  center  of  en  octave-wide 
bandpass. 


3,  6,  9,  and  12  m/sec.  ;  As  the  relationships  between  1-D  elevation  /  • 
psd  and  1-D  slope  psd,  and  between  1-D  and  2-D  pad's  for  isotropic 
surfaces  are  known,  the  Optical  data  may  be  used  to  estimate  acoustic  j 

reverberation  strength  and  to  interpret  the  elevation  psd  derived  "  ] 

from  acoustic  reverberation  data.  .  ‘Figure  1  shows  the  fundamental  op-  • 

...  —  ‘  '  *7  w  A'  .  ~  ■  f 

tical  data  used  in  this  paper  and,  as  stated,  it  is  possible  to  i 

transform  these  frequency-biased  1-D  slope  spectra  of  fS(f)  =  | 

f[Ej/  (f)]i  into  the  1-D  elevation  spectra  [EjCks)]^.  It  is  suggested  f 

by  the  author  of  the  optical  data  that  the  spectral  peak  near  a  fre-  \ 

quency  of  1.7  cps  is  related  to  system  noise  due  primarily  to  elec- 

trical  supply  oO-cps  "pick-up,"  and  that  the  rise  at  the  highest  fre-  ■'{ 

quencies  is  probably  not  real.  As  a  consequence,  these  questionable  ”  j 

data  are  smoothed  or  ignored  in  the  analysis.  $ 

A  "  *■  ^  "  .  .  '■  "f 


IV.  ANALYSIS 


Traditionally,  it  has  been  popular  to  describe  acoustic  rever- 
be rat ion  of  the  sea  surface  as  some  logarithmic  and  perhaps  trigo¬ 
nometric  function  of  acoustic  frequency,  grazing  angle,  and  sea4' 

v  *  ty  OT  OO  -  _  - 

surface  rms  height  or  wind  speed.  *  *  *  !.  It  will  be  informative 

in  contradistinction,  therefore,  to  develop  from  Fig.  1  and  Eqs.  7 

■*’-?  ,r  ")  '  ,  o 

and  9  an  isotropic  elevation  psd  from  which,  with  Eq.  15,  some  idea 
may  be  obtained  of  the  possible  trends  and  magnitudes  of  backscatter- 
ing  strength  N,  with  variations  of  acoustic  frequency  and  wind  speed. 
The  point  of  departure  from  optical  data  rather  than  acoustic  data 
bears  explaining.  Because  of  the  scale  of  sea-going  acoustic  exper- 

O  "  "  •••  •  !.  .  O'" 

iments,  an  averaging  over  reasonably  large  and,  perhaps,  inhomogene- 
ously  and  anistropically  rough  surfaces  is  inherent  and  this  intro¬ 
duces  an  undesirable  smoothing  effect;  it  is  not  uncommon  to  obtain 
acoustic  data  from  explosive  shots  averaged  over  an  octave  of  acous¬ 
tic  frequency  which  introduces  further-smoothing;  Inconstancy  of 

^  C:Q  '-f»  <'i  1  .  <3  **  *  '•  /,  >  r  ,S 

sea-surf ace  wind  Speeds  (guatireas)  and  difficulties  in  wind  speed 

ci  >>  '  '»  '  <•  ..  •’ ,  j:  ,  -v 

measurement  introduce  additional  smoothing;  averaging  over  variations 
of  near  surf ace  temperatures  tends  to  smooth  over  grazing  angles  due 
to  refraction;  lastly,  unclean  (slick)  surfaces  may  Inhibit  the  for¬ 
mation  of  sea-surface  roughness  and  scattering  strengths  may  be  ir- 
regular  and  low.: >> Thus,  *  ^cqntrollid*  experiment  at  sea  may  be  a 
formidable  accomplishment .  On: the  ocher  hand,  optical  experiments 
in  a  laboratory  may  be  reasonably  well  controlled,  need  not  suffer 
from  any  unknown  refraction  and  may  average  over  areas  of  less  than 


1  imp  (smaller  than  the  inside  of  the  letter  woH)*  Furthermore, 
water  surfaces  in  the  laboratory  may  be  kept  especially  clean  allow- 

'  -  ii  ’  '  f  .  ■■  .  .  V'-  '  ^ 

ing  full  roughness  to  develop. 
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Bef ore  discussing  the  optically  based  elevation  spectra,  it 
appears  that  some  comment  about  laboratory  air  speeds  and  sea-surface 
wind  Speeds  is  warranted.  Reference  19  suggests  that  the  relation-  % 
ship  between  laboratory  air  speed  vlab  over  water  surface  and  sea- 
surface  wind  speed  viaa  is  as  c 


v*e«  fn 


z)«.»  =  vlabin 


)i»b  * 


where  h  is  the  distance  above  the  water  mean  surface  level  at  which 
wind  speed  measurements  are  made  and  <jz  is  the  rms  elevation  of  the 
water  surface.  Equation  22  essentially  assumes  a  logarithmic  bound¬ 
ary  layer  profile  Of  air  speed  above  the  sea.  Thus,  given  appropri¬ 
ate  values  of  h/gz  as  in  Appendix  C,  a  numerical  solution  transforms 
vi  «b  to  vtaa  as  in  Table  5.  '  0 


Table  5  —  RELATION  BETWEEN  OPTICAL  LABORATORY  AIR  SPEEDS 
AND  EQUIVALENT  SEA-SURFACE  WIND  SPEEDS  « 


Air  Speed  Over  Water 
Surface,  ,vlab 

3.18 

i  O  '  •  ■  ■ 

6*08 

'  9.20  V  /; 

’v'  12.02  '•  ..  $ 


Sea-Surface  Wind  Speed,  v,a a 
(m/sec) F  (knots) 


19.0 


The  results  of  Table  5  which  show  vMI  <  vz lfc  are  at  odds  with 
Ref.  19  which  estimates  via,  1 1  2.2vUk  ;  the  discrepancy  arises  from 
the  assumptions. on  dj.  which  here  are  functionally  dependent  on  vUb;, 
and  in  Ref*  19  are  assumed  to  be  0.1  cm  for  both  laboratory  measure- 
ments  and  open  sea  measurements* 


A.  SEA-SURFACE  SCATTERING  STRENGTH 

4.  •  .  o 

Now,  the  1-D, slope  psd  of  Fig.  1  may  be  modified  to  2-D  iso¬ 
tropic  surface  elevation  psd  according  to  Eqs.  7  and  9  (see  also 


Appendices  A  and  C)  .  This  transfor  at  ion  is  shown  graphically  in  V 

Fig.  2.  These  optically  based  data  of  Fig.  2  have  been  pieced  to-  '] 

/•/'.  94  j 

gether  without  adjustment  with' comparable  data  taken  mechanically 

as  in  Fig.  3.  The  reasonably  good  agreement  of  the  two  diversely  l 

obtained  data  sets  in  the  vicinity  of  k,  =  0.05  cm-1  as  well  as  the 

agreement  in  trends  (Appendix  C,  Fig.  C-4),  is  taken  as  giving  added 

credence  to  the  transformations  which  have  been  accomplished  for  the  j 

optical  data  i*n  going  from  [fEz/  (f)]j  to  [Ez  (kj  )]a .  -  J 
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An  inspection  of  Fig.  2  yields  some  interesting  points*  Grossly,  A 
one  notes  that  [Ez  (k,  ,  vx  )]3  varies  about  as  k*4,  to  k*3 ,  which  with 
Eq.  15  suggests  that  on  the  average  reverberation  due  to  surface  V* 

diffuse  scattering  will  slightly  increase  with  frequency;  a  theoret-  ? 
ical  guideline  with  slope  -11/3  is  drawn  for  later  reference  to  1 

acoustically  based  surface  and  sublayer  spectra.  However,  the  curves  j 
of  Fig.  2  do  show  some  systematic  variation  which  suggests  that  at  a  » 
given  wind  speed,  scaling  laws  will  depend  importantly  on  the  fre- 
quencies  and  frequency  bandwidth*  for  which  data  are  taken.  The  most  V 
obvious  systematic  variation  of  the  pad  curves  of  Fig.  2  is  the  "hump" 

0  o  J 

between  about  1  to  10  cnT1  at  ss  3  m/sec  which  broadens  as  air 
speed  Is  increased.  It  is  interesting,  and  probably  significant,  that  j 
at  low  air  speed  this  hump  is>  centered  at  about  4  cm'1  (Table  C-3).  i 

*  ■  .  O  .  y)  ’  25  ! 

The  relationship  for.,  surf  ace  wave  phase  velocity  c,,  is  | 


where  g  is  acceleration  due  to  gravity  and  y  and  p„  axe,  respectively,' 
the  air  Interface  surface  tension  and  density  of  water.  From  this, 
it  develops  that  (cf  h  „  occurs  at  k,  a  3.7  enf 1 .  One  may  suppose 
that  for  v  <  (cph ), lt  wind  energy  may  not  couple  to  the  water  surface 
because  the  wind  speed  is  less  than  the  minimum  phase  Velocity  of 
waves,  and  that  as  free-stream  wind  speed  increases,  so  does  the 
speed  of  air  at  the  air-sea  interface,,  there  being  an  eventual  and 

increasing  effect  as  wind  speeds  increase.  This  interpretation  is 

°  26  ^  * 

strengthened  by  experimental  data  on  the  turbulence  spectra  of  wind 


FIGURE  2  Two  Dimensional  Water  Surface  Elevation  Spectrum,  Optically  Based 
vs.  Wave  Number  and  Air  Speed 
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over  waves  which  show  dissipation  of  wind  energy  at  a  maximum  at 

k,  ss  2  cm"1  suggesting  that  the  sea  is  extracting  energy  from  the  * 

atmosphere  in  the  wave  number  vicinity  of  the  hump  of  Fig.  2. 

To  continue.  Fig.  2  shows  that  with  increasing  Wind  speed  the 
isotropic  surface  elevation  psd  fills  out  to  both  smaller  and  larger 
wave  numbers,  maintaining  more  or  less  the  same  variation  with  k$ , 
both  before  the  sudden  increase  in  the  0,  2  to  2  cm-1  region  of  kj , 
and  after.  Thus,  it  appears  that  at  a  given  wind  speed,  scattering 
strength  for  a  clean  water  surface  may  increase  relatively  gently  up 
to  a  critical  frequency  at  which,  with  increasing  frequency,  scatter- 

o  '  -j 

ing  strength  undergoes  a  sudden  increase  and  then  increases  gently 
again  to  very  high  frequencies  (of  the  order  of  fr  =  c/xr  =  k,  c/2rr  = 
kjC/2n  a-  0.25  Mcps).  From  the  point  of  view  of  psd  variation  with 
air  speed.  Figs.  2  and  3  have  interesting  implications:  With  in¬ 
creasing  wind  speed  the  surface  of  wind -driven  water  becomes  more 
"ordered"  both  at  small  and  large  wave  numbers,  i.e. ,  at  wavelengths 
characterized  by  dekameters ,  or  greater,  and  by  centimeters .  Further, 
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the  local  minima  of 


^  l  % 


in  the  range  0.1  <  k5  <  1  cm" 


suggests  that  at  a  given  air  speed,  large  wavelengths  and  small  wave- 
lengths  are  energetically  isolated,  and  that  wind  and  sea  are  in 
equilibrium  at  very  small  wave  numbers*  k,  <  0.1  to  1.0  cm"1;  at 
large  wave,  numbers  (k,  >  0.1  to  1".0  c«T*)»  it  appears  that  energy -in¬ 
put'  to  the  surface  flows  to  large  wave  numbers  and  is  there  dissipated. 
It  is  possible  that  pressure 'forces  dominate  at  small  wave  numbers, 
and  viscous  forces  at  large  wave  numbers.  o‘ 

The  reasonable  agreement  of  optically  and  mechanically  based 
data  for  [E,  (k, ,  vi#t  )]#  as  shown  in  Fig.  3  gives  some  credence  to 
the  foregoing  interpretations,  as  does  the  allusion  to  atmospheric 
turbulence  dissipation;?  In  addition,  one  may  uSe  acoustic  data  with 
Eq.  15  to  derive  [Ez  (k, ,  vi#,  )]B  under  the  assumption  that  the  sea 
surface  is  isotropically  rough,  at  least  at  large  wave  numbers*  and 
that  if  cp  is  near  its  midrange,  reverberation  is  due  to  surface 
scattering  to  the  exclusion  of  volume  or  reflection  effects.  Under 
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such  an  assumption,  the  data  of  Table  2  have  been  converted  to  iso¬ 
tropic  surface  elevation  psd  and  these  are  shown  in  Fig.  4  for  vM,  = 
5,  10,  and  15  Knots  and  cp  =  50  deg;  it  is  deemed  q>  =  50  deg  in  both 
large  enough  grazing  angle  that  subsurface  effects  are  negligible  and 
small  enough  that  reflection  effects  are  not  important  either.  For 
5  knots  £  v,,,  £  15  knots,  [E2  (k, ,  v,,  , )]8  based  on  the  data  of  Table 
2  has  a  least  square  fit  (lsf )  given  by 


[Ez(ks,  v...)]a  =  8.36(10)-® v?;259iq3- 


6  7  2 


) 


with  vte4  in  knots,  and  k^'in  cm-1.  The  rms  error  introduced  into 
Ns  by  using  Eq.  24  is  less  than  4  db. 
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In  Fig.  4,  wind  speeds  of  v1#,  =  5,  10,  and  15  knots  are  used 
and,  for  these,  [Ez  (kj ,  v,#t  )]8  is  plotted  ;as  a  function  of  wave 
number  k, .  As  a  guide  and  reference,  a  line  of  slope  k^11/3  is 
drawn  as  in  Fig.  2.  In  the  acoustic  reverberation  measurements, 
there  is  a  suggestion  of  the  "hump"  of  Fig.  2  for  0.1  <  k,  <  1.0  cm 
There  is  indication  also  of  increasing  spectral  densities  for  v,.a  i 
5  knots  but  for  vi#,  <5  Knots,  spectral  densities  (not  shown)  are 
only  marginally  less  as  will  become  apparent  in  Fig.  6.  The  sugges¬ 
tion  in  Fig.  6— as  would  appear  of  course  from  the  reverberation  data 
directly— is  that  for  v,.,  <  5  knots  elevation,  psd  is  substantially 
constant  and,  perhaps,  roughrisfcs  is  convected  into  the  measurement 
area  from  contiguous  .disturbed  areas ; above  5  knots  the  coupling  be¬ 
tween  wind  and  sea  becomes  important  arid  spectral  densities  increase. 
As  (CphVi,  as  0.5  knots,  the  difference^  between  5  knots  and  (c,k)aiB 
gives  a  measure  of  Sea-S4ff ace  shear  required  to  generate  appreciable 
local  roughness.: 

That  extraneous,  perhaps  subsurface,  effects  are  in  fact  appre- 
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ciable  at  sufficiently  Small  grazing  angles  is  demonstrated  by  Fig. 

5,  whe tcj e le vat ion  pSd  is  shown  at,  for  example,  a  sea-surface  wind 
speed,  v,e,  =15  knots  and  =  10,  30,  50  deg.  One  sees  that  as 
the  grazing  angle  cp-»0 ,  the  apparent  elevation  psd  (hence,  reverbera- 
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tipn  strength)  increases  markedly,  and  that  the  major  portion  of  this 
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change  occurs  between  30  and  10  deg  and  remains  reasonably  constant 
between  50  and  30  deg.  The  magnitude  of  increases  of  elevation  psd 
with  grazing  angle  bears  sane  probing.  At  small  wave  numbers  corre¬ 
sponding  to  low  acoustic  frequencies  (Fig.  5),  subsurface  effects  > 
are  characterized  by  a  change  of  a  few  tenths  in  the  logarithm  of 

»  )]»  »'  i*e.,  surface  and  sublayer  effects  are  nearly  com- 

Furthermore,  it  appears  also  that  at  small  wave  numbers, 
the  effect  of  the  grazing  angle  is  felt  only  as  cp-10  deg  and  smaller. 
However,  at  large  wave  number  ( acoustic  high  frequency) . sublayer 
effects  are  characterized  by  changes  in  the  logarithm  of  [Ez (ks )]g 
of  unity  or  more,  i.e. ,  sublayer  scattering  is  an  order  of  magnitude 

C  ’ '  ‘  -  f ' v„-  ^ 

or  more  larger  than  surface  scattering.  4  :"*'i 
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As  a  pecularity  of  the  amount  of  data  available  at  acoustic  fre¬ 
quency  fr  =  60  kcps,  it  is  possible  to  augment.  Figs.  4  and  5  by  ele- 
vation  psd  calculations  at  10  and  50  deg!  as  a  function  of  several  (i 
wind  speeds.  This  is  shown  in  Fig.  6,  in  which  the  apparent 

f'j  '\  %  v  .•  ...  ■  o  •»  •  '  '  •  •  •  '  __  ^ ' 

[Ej (k, ,  v)],  is  plotted.  Figure  6  shows  that  elevation  psd  may  tend 

.l/V  ,,  ''  (i  •'  c  <1  \  n  '  ■ 

tc  be  substantially  constant  at  sea  for  sea-surface  wind  speeds  less 
than  about  5  Knots  (»  2.S  m/tec),  and  that  apparent  elevation  psd  in- 
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creases  with  wind  speed1 from  about  5  knots  (2. 5  m/sec)  to  about  15 

^ O-  «  ^  O  ^  ^  j  >)  .  ,, 

knots  (7.7,  m/sec),  above  which' it  remains  substantially  constant  as 

O  \\  .  O'  ty  ■'/  °  Y&>.  :  '•  ^  ■ 

if  an  exponential  integral  fit  were9  appropriate.  If,  in  fact ,  at 
grazing  angle  m  «  lOdsa.  the  elevation  pad  is  only  apparent,  being 
really  a  subsurface-effect,  then  -the  nearly  congruent  behavior  of  the 
<p  *  10  deg  and  jp  «  50  deg  curves  of  Fig.  6  suggests  that  the  subsur-  V 
face  effect  is  closely  tied, to  surface  effect,  or  that  the  sublayer 
contributes^  appreciably  even  at  the  50 -deg  grazing  angle.:  This  latter 
possibility  is  considered  Subsequently.  One  such  connection  is,  of 
course ,, surface  elevation  and  subsurface  turbulent  motions  which  may 
affect  the  sea-surface  elevation  and  concurrently  cause  convection, 
for  example ,  of  temperature  or  density  fluctuations  below  the  surface. 
The  implications  of  Fig.  6  in  terms  of  scattering  strength  of  the  sea 
surface  are  immediately  apparent  from  Eq.  15;  thus  at  60  kcps  surf^. a 
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st  tearing  strength  is  substantially  constant  for  vi#.  <  5  knots  and 
vs#>,  >  15  knots  and  increases  about  as  between  these  wind  speed 
!:■  extremes.  Judging  from  Figs.  2  and  4,  it  appears  unlikely  that  these 
'  wind  speed  limits  and  scaling  law  can  describe  the  situation  at  low 
*  frequencies,  though  siome  related  behavior  may  be  anticipated. 

Having  connected  optical  laboratory  air  speeds  to  wind  speeds 
over  the  sea  as  in  Tabid  5  arid  having  trahsfonhed  1-D  slope  psd  to 
2-D  isotropic  elevation  psd  and,  finally,  having  available  the  rela¬ 
tionship  between  surface  scattering  Strength:  and  elevation  psd,  one 
-may  calculate  surface  acoustic  Scattering  strengths  from  optical 
| :  slope  data  and  compare  these  with  directly  measured  acoustic  data; 
i  this,  of  course  ^ is  just  an  inverse  exercise  to  what  has  gone  before, 
r  In  Fig.  7,  acoustic  data  have  been  calculated  at  grazing  angle  cp  =  r;. 

50  deg  and  are  attributed  to  the  searsurface  wind  speeds  of  Table  5, 

;  ,  y  f/  ■■  1  -■  ,  o  < 

\  i.e. ,  v,,,  =  4.3,  8.1,  13.  5,  and  19  knots*  It  is  suggested  that  riot 
;  all  of  the  irregularities  in  the  optically  based  curves  of  Fig.  7  are 
real,  but  they  are  maintained  to  indicate  that  spectra  are  one  pos- 

i  ’  V;  .  •  r>  •-  *■  ' 

|  sible  source  of  uncertainty  in  scattering  strengths .  If  the  labora-  - 
tory  air  speeds  (transformed  to  vi  #» )  are  taken  to.  be  nominally  5, 


10,  15, >and  20  knots,  then  the  optically  based  acoustic  scattering  ( 

*■  .  ,  >  .  '0  ■  o  "  Oo  ~  ■  ■  „ 

strengths ,  relative  to  the  acoustic  measurements  have  an  rms  differ¬ 
ence  of  8  db.  This  implies  that,  with  suitable  cart,  acoustical  re- 
verberation  data  for  various  sea-surface  wind  speeds  may  be  deduced 
from  experimental  measursmsnts  by  optical  means  of  water  surface 
slopes.  V  ,  "  .  - ...  s’  ,  ,57 

'■  As  much  of  the  8-db  rms  error  between  the  acoustic  and  optical  4  ■ 
data  of  Fig.  7  is  contributed  at  f,  =  60  keps,  some  consideration  of 
this  is  warranted.0  One  may  argue  that  the  acoustic  data  taken  at  sea 
are  lower  than  they  might:  be  undar  some  other  water  surface  circum- 
stances The  argument  goes  as  follows :  The  relationship  between  ele¬ 
vation  and  elope  spectra  which  is  given  by  Eq.  9  shows  that  the  be- 
havior  of  the  /elevation  psd  at  large  wave  numbers  has  an  important  in-* 
flue nee  upon  the  flops  variance  through  the;  kf  dependence  of  the  slope 
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FIGURE  7  Acoustic  Reverberation  Strength,  Optical  and  Acouitic  Bails  vi. 
Acoustic  Frequency  and  Wind  Speed 


psd.  Thus,  if  the  elevation  spectrum  is  deficient  at  large  wave  nun- 
bers,  then  slope  variance  may  be  disproportionally  affected.  Meas¬ 
urements  at  sea,  have  shown  that  slope  variance  is  markedly  decreased 
when  slicks  appear  on  the  sea  surface,7  i.e. ,  the  slick  tends  to  in¬ 
hibit  the  formation  of  short  (capillary)  wavelengths  corresponding  to 
large  wave  numbers..  With  regard  to  the  optically  based  curves  of 
Fig.  7,  special  effort  was  made  to  remove  any  fouling  matter  on  the 

water  surface  on  a  continuous  basis  and,  therefore,  one  may  reason 
•;  ..  .  v'  ,  •  ,0 
that  the  laboratory  Water  surface  was  "clean.”  On  the  other  hand, 

the  acoustic:  measurements  at  fr  =  60  kcps  were  made  in  Dabob  Bay  of 
Puget  SOund  arid  near  Key  West,  Florida.  Both  of  these,  either  di¬ 
rectly  or  by  diffusion  or  convection,  may  have  been  affected  by  the 

oily  jetsam  of  maritime  traffic  to  a  degree  which  is  not  attained  at 

/(  a,-,.  *•-'  ■* r  ’  V  • 

groat .distances  from. traffic  lanes.  Apparently,  the  inhibiting 

effect  of  slick-rif  it  be  this — is  not  operable  at  low,  frequencies 

(in  the  vicinity  of  1  kcps),  and  it  is  difficult  to  estimate  from  the 

acoustic  data  where  in  frequency  space  the  slick  becomes  important . 

«  ’  •  , ,  _  '  • 

This  is  so  because,  in  the  vicinity  of  10  kcps,  the  rise  of  scatter- 

O  -  X‘r'  '  -  .  •  •  '*. 

ing  strength  with  sea-surface  wind  speed  may  be  so  precipitous  that 
a  small  error  in  wind  speed  can  cause -apparent  discrepancies  compar- 

■'  ■  C  ■'  ■  ■  ° 

able  to  the  slick  effect.  o 
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B .  SEA  SUBLAYER  SCATTERING  STRENGTH  Y  »  ° 

Notwithstanding  the  uncertainties  of  elevation  psd,  referred  to 
in  connection  with  the  discussion  above,  one  is  led  to  the  possibility 
of  estimating  sun  elevation  ped  which?  is  relatively  unaffected  by  vol- 

I1  ■  .  '■  o'* 

ume  end  reflection  effects,.  e.g. ,  at  50  dag.  Then,  this  elevation 
psd  may  ba  used  as  a  basis  for  separating,  at  sufficiently  small  graz¬ 
ing  angles,  the  contribution  to  total  reverberation  Strength  from  both 
surface  scattering  end  Surface  Sublayer  scattering.  ^ 

Assume  that  sufficiently  fax'  from  ep  -  n/2.  Where  reflection 
strength  N,  is  negligible  ,  one  may  write 


10Nt/1°-  =  if^AO  +  10H,/10 
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In  this  equation  Nr  is  to  be  considered  as  acoustic  experimental 
reverberation  strength,  and  Ns  is  to  be  determined  from  Eq.  15,  using 
an  isotropic  surface  elevation  psd  evaluated,  for  now,  from  acoustic 
experimental  data  at  tp  =  50  deg  where ,  as  stated,  it  is  assumed  N,  is 
negligible  compared  to  Ns .  Hence,  using  Eq~;  15,  24,  and  25,  it  ;  > 
appears  that  a  biased  approximation  to  the  turbulent  spectrum  of  the 
scattering  field  Of  the  sea-surface  sublayer  is  given  by 


2b  (hr)  [Ex  (2k,  )]. 


t  Cep) /10  -  4kJsirt*(p[Ej(2kr  cos  <p)]J 


for  v,e.  =  constant. 

Given  Eq.  26,  the  acoustic  reverberation  data  of  Table  2,  at 
grazing  angles  cp  =  10  deg  and  30  deg,  may  be  used  to  estimate  the 
variation  of  the  biased  isotropic  volume  approximation  to  the  spec- 
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trum  of  fluctuations  beneath  the  surface  of  the  sea  which  cause  scat¬ 
tering.  The  results  of  such  a  calculation  are  shown  in  Fig.  8.  The 
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data  points  of  Fig.  8  were  calculated  by  estimating  the  term 


4k*airftq>[Ez(2kvcoa  q>)],  *  ip*1*  , 


(27) 


as  follows.  The, data  of  Fig.  4  show  [Ex  12k,. cos  q>)],  varies  grossly 
as  (2k,  cos  q»r4 1  thus  '  iC/V 
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N,(<&>  *  Mg*  )  +  10  log  (sin  g* /sin  <pt  >* 
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+  10  log  (2k,  coo  4PS  /2k,  cos  g>t)“4  . 
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Hence,  given  the  scattering  strength  N, (g>* )  at  grassing  angle  cp,  the  I 
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scattering  strength  N,  (gy)  at  %  is  given  approximately  by' 
Ns  (<p8  )  =  N,  (<p! )  +  40  log  (tan  g^  /tan  cpj  ) 
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Thus,  the  data  of  Fi/.  8  were  found  by  adjusting  data  N,  (50  deg)  to  j 

■  -v  ,  i 

Na (10  deg)  and  Ns (30  deg)  according  to  this  relationship.  | 

K  Because  of  the?;  accuracy  lost  in  the  subtraction  of  Eq.  26,  prob-  | 

ably  only  the  general  features  of  Fig.-  8  are  pertinent.  For  reach  of  [ 

the  three  sea-surface  wind  speeds  the  same  reference  line  with  K*11/3  j 

variation  is  shown  to  facilitate  comparison.  The  exponent  -11/3  is  J 

chosen  from  turbulence  theory  as  being  pertinent  for  fully  developed 

turbulence  in  the  ’’equilibrium  range”  of  wave  numbers.8  Sometimes  j 

the  fluctuations  of  an  isotropic  turbulent  volume  are  described  by  a  "j 

kj5/3  law:  if  a*  =  /$(k, )  dk,  =  / 4rrk|[E(ka )]  dkj  ,  then,  of  course,  > 

if  E(kj  )  ~  K;11''3  ,  then  for  the  equality  to  exist,  $(k,  )  ~  6/3 .  |j 

There  is  apparently  °a  systematic  increase  in  biased  psd  levels  with  fpS 

increasing  wind  speed  and  with  decreasing  wave  number.  At  the  smallest'? 
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wave,  numbers  there  is  an  indication  of  a  leveling  off  of  biased  psd 

levels  at  about  1  to  10  cm4 ,  the  implication  being  that  the  sublayer  \ 

^  ('J*  | 

reverberation  is  relatively  less  important  at  acoustic  low  frequencies.  p 
(less  than  about  1  kcps)  than  at  the  higher  frequencies .  In  what 
follows,  it  will  be  convenient  to  have  anlsf  to  the  data  of  Fig.  8 
in  terms  of  wind  speed  and  wave  number,  and  this  is  ! 


Sp(kt)[Er(k,)V 
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a. 143 


,  0.05  £  k,  £  5  cm” 


The  approximation  of  Eq.  30  causes  about  a  5-db  rms  error  in  estimates 

.  ry  0  '  V  1  ’  ‘  "  \ 

of  Ny ;  the  leveling  off  of  sublayer  spectra  at  Small  wave  numbers  may 
tend  to  overestimate  Ny  by  much  more  than  this.  The  k;  3,143  depend¬ 
ence  of  the  sublayer, turbulence  biased  psd  tends  to  confirm  the  as¬ 
sumption  of  scattering  by  a  turbulent  sublayer  when  compared  with  the 
theoretical  dependence  for  isotropic,  homogeneous  turbulence; 

y  >  „  ;  ■ 

in  fact,  the  dependence  of  the  biased  psd  upon  k,  for  v,,#  =  10  and 
15  knots  and  for  k,  at  0.4  cm-1  is  as  k;3,eS7 ,  indicating  perhaps  that 
low  wind  speeds  and  small  wave  numbers  are  not  or  cannot  be  fully 
turbulent  in  the  equilibrium  range  of  wave  numbers. 


FIGURE  8  Turbulent  Sublayer  Biased  Power  Spectral  Density  vs.  Wave  Number  and  Wind 


.  >.  ^ 


C.  SEA-SURFACE  REFLECTION  STRENGTH  v  '• 

There  remains  now  consideration  cf  reverberation  strength  esti¬ 
mates  for  <p  near  tt/2,  i.e. ,  at  large  grazing  angles  at  which  specular 
reflections  from  the  surface  occur  in  distinction  to  diffuse  Scatter- 

•  o  -  .  ■  .  -  <;■•.  "■  0 

ing  at  the  smaller  grazing  angles.  NOw  in  Eq.  20,  which  is  a  model 

for  estimating  reflection  strength  of  a  rough  surface,  the  term 


1  m  '  1  /cot  cp> 

^  W/  exp  [' 7  V~ 


estimates  the  number  of  facets  suitably  disposed  for  causing  specular 
reflections  and  (A *)«t  t  *s  the  area,  averaged  over  all  suitably  dis¬ 
posed  facets,  effective  in  causing  specular  reflections.  Given  the 
data  of  Table  4  at  fr  =  60  kcps,  Eq.  20  may  be  tC! ved  for  its  propri¬ 
ety  by  rewriting  it  as  °  °  .  .  '  jn 


10N«  /10  =  l(p*o/10  exp 


1  /cot  <p 


where,  of  Course, 


-10  igg 


C  \)»rf  -/ai* 

p 


It  is  convenient  to  develop  Eq.  31  further  to 


*  s 


5/in  10 


Now  the  data  of  Table  4  give  %  as  a  function  of  cp  and  V,  #  k ,  and  it 
is  possible  for  v,^a  -  constant  to  make  an  Isf  of  N„  as  a  function  of 
COt*(p  using  Eq.  33 ;  this  Isf  will  yield  both  N.  and  of/  *  The  results 


of  such  a  calculation  are  given  in  Table  6  and  shown  graphically  in  ! 

.';  «  .  i 

Fig.  9.  In  this  figure,  the  data  corresponding  to  v,#ft,  =  3.5,  8,  j 

10,  and  15  knots  ? re  emphasized  as  those  in  which  one  may  have  ' 

greater  confidence.  This  confidence  derives  .from  the  fact  that  the  ( 

data  range  over  much  of  the  range  70  deg  £  cp  £  90  deg,  and  further  j 

that  except  for  vltl  =  3.5  knots  there  are  many  data  points  with  ^ 

which  to  operate.  ,,  -VI  ? 

>  <■  •  ,  V 

^  c  ■  •  J 

Included  in  Fig.,,  9  are  four  curves :  in  the  plot  of  slope  vari-  f 
ance  data  the  results  of  optical  measurements  for  Clean  sea  surfaced 


<  of/  >  =  j  (0.003  +  0.00512  v,,.), 


and  for  slick  sea  surface ‘ 


v(m/sec) 


=  i  (0.003  +  0.00264  v„,  ),  v( knots) 


<  of/  >  *  4  (0‘0p®  +  °* 00156  v,,,)*  v(m/sec) 

?{  •,  *  , 

v'  *.l  O 

=  4  (0* 008  +  0.00082  v,,,),  v( knots) 

«'»-  2  Ci  ,,  '■  ■■  ,  ,  'rf 


In  the  plot  of  NRo  ,  for  comparison  with  Fig.  10,  an  lsf  of  N„  to 
log  vi#,  for  the  "confident*  data  la  shown  and  this  relation  for  60 
kcps  acoustic  frequency  is  ,>  X/  i 


N.o  *  -0.823  -  10  log  , 


i.e.,  N.  decreases  about  as  the  3/4  power  of  sea-surface  wind  speed.  • 
Also  shown  is  the  parameter  (of#  fott  ot»  )8  fr  -  N„o ,  as  in  Eq.  21b,  to  j 
be  discussed  subsequently.  ,,  '  j 

The  suggestion  of  slope  variance  data  of  Fig.  9  is  that  the  j 
water  surface  for  acoustic  experiments  in  Dabob  Bay  and. off  Key  West  j 
was  clean  in  the  sane  sense  as  was  the  surface  for  optical  experi-  j 
ments  off  Monterey,  California,  although  one  may  still  need  to  dis-  | 
tinguish  "cleanliness"  at  sea  with  that  of  the  laboratory.  Further,  j 


Table  6—  SEA-SURFACE  SLOPE  VARIANCE  AND  NORMAL  INCIDENCE 
REVERBERATION  STRENGTH  FROM  ACOUSTIC  DATA  „ 

“  '  ■*  y  -  •  , 


•V'  ■  v;.\ 

Wind  Speed, 

;  knots 

Sea -Surface  V 
: Slope  Variance 

Sea- Surface 
rms  Slope 

N„  lsf 
to  Table  4 
with  Eq.  33 

N„  isf 
to  Table  4 
with  Eq.  35 

f.  ■  S; 

■"  2  * 

1.18  <10)-a 

>  0.108 

;  -  -  "•  16  ■ 

3 

3 

67.5 

8.21 

;  -  30 

-  27  , 

3.5*  <,*  ■  ’ 

1.56  v. 

0 .125  . 

r-  6 

-  2  * 

'  4 

-  •  .-8.  ’  ' 

,  3.39 

'  0.184 

-  22 

-  14 

4.5 

■ 

,1.20  ,  -■«  ^ 

,  o'  ^  ' 

25-v,  0.109  * 

-  4 

+  2 

ru  ' 

5 

1.51 

.  V.123 

-  9 

O 

-  2 

■  ■ 

:  ,  ''' 

V 

^  o 

5.5 

'  1.02  * 

0.101 

*> 

0 

■  o 

e.s* 

-  v  ■■ 

■Cl 

-  2 

8*  • 

■■=  1.12 

0.106 

-  4 

\\  ‘  ,  1 

::  -  4 

N  8.5* 

■f  u 

•;  ■ 

- 

-  6 

■  10*:>:  v  ■ 

■  1.60 

0.127 

-  9 

g  ■ 

11.5 

4.71  '  “•  '  o- 

.*  <>.  „  o 

0.217 

°  -  13 

-  7 

12  c 

o  • 

-  9 

15* 

•  o  o 

2.39 

0.155 

-  12 

-  12 

'  16 

2.20 

0.149 

*o 

|  <  -  19 

-  22 

21 

,  .  tj  >  ' 

1.67  , 

°  0.129 

■p  0 

-  7 

*Data  of 'greater  significance  due  to  rang#  or  numerical  value  of 
grazing  angle.  <• 
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for  those  acoustic  .measurements  in  which  the  range  70  deg  <  cp  <  90 
v  '  deg  was  sufficiently  covered,  the  agreement  between  <cr|/ ).«*.*  ti« 
and  (of/  )0p t •. e*i  good  enough  that  some  confidence  in  the  model  of 
Eq.  20  is  warranted.  'e-'-fi  s-/  .:>?  -  5“  t ' 

Relative  to  the  values  of  N,  the  decrease  of  N„  with  sea- 

.  <  _  '  *o  ■  o  -  0  .....  . 

1  f)  surface  wind  speed  has  been  suggested  previously  by  analogy  with 

the  term  (af*  /az/  az.»  f  for  the  sea  surface  with  the  same  term  for 
-C.-.-;-  air  flow,  which  later  decreases  to  an  apparent  limiting  value  with 
increasing  wind' speed.  Further,  from  Fig.  9  apparently 


=  0(0.1) 


so  that 


it  &?\  =  o 

'  V1'/ 


Depending  upon  the  form  of  correlation  function  (r)  for  surface 
slope  ,  (o*/7oi#  )8  is  more  or  less  equal  to  rz,  ,  the  square  of  corre- 

’  >  \r.  "  '  .  ....  V).  :  •  •..W  .  <'  •. 

lation  length  for  surface  slope.  Thus, 

V  '  i  :  °4  ; , ■  . 

7  [<N  ).»>]*  of  if.  §  .  ’  ;  <*» 

•  .  .  *  ,,  •  ■  -?  ■;  :  l  ■  ■ 

which  has  some ; intuitive  appeal.  ’  W 

0  c%  ■'  'o°"  7  i 

Now,  if  slope  variance  for  acoustic  experiments  may  be  taken  as 

that  of  Eq.  35  then  the  variable  S  of  Eq.  34  may  be  removed  as  an  un¬ 
known  and  N.  redetermined.  This  has  been  done  and  the  results  are 
shown  in  Fig.  10  and  Table  6.  The  data  in  this  figure  for  vf#,  =  3  . 
4,  and  16  knots  appear  to  be  spurious;  the  remaining  data  show  again 
a  decreasing  trend  with  increasing  sea-surface  wind  speed  and  suggest 
that  for  sea-surface  wind  speed  large  enough 


lirti  N.  = 


)  11m  »■  ^13„db 


i«'ow  that  the  acoustic  data-  for  ^frequency  f,  ='  60  kcps  'and  cp  near' 
tt/2  have  beS?v  analyzed,  it  is  of  interest  to  determine  the  variation 
t.a  be  exphctfed  from  di»ct/ calculatioes  of  of/  ,  cif*  ,,  o\m  as 
from  tl«  transformation  of  Fig.  Z  *^£3$* •  &  tv.  U.  Now 


and  Table  7  give  the  result#'  d B?  these'  integrations  together  with  ra- 

tiOS  of  variances-  appropri*se  to  Eqs.  21a  and  2lb.  Included  in  this  j 

table  are  ratios  employing.  ;  in  cnf*  based  on22  M 


f, 

1  '■  4  .. 

;  *  • 

? 

>  O  ’ 

>  .  \> 

V 

ij 

(t  0  '•  , 

cPaa  ?« 

'  >0.  C): 

} 

■.  .'V.V..°  —  U  e.U 
•,  v*  ,  ■ 

t 

di  *  <Q*  4i  'eJfjV-*  ,  %-^,  (m/set> 

v  "  <1  „.<•  ...  _ 

=  0.0444  v*,.  knots)  : 


as  appear . :;<v  -  < .  ’  ■■*  " 

"  :K?  v';-  ’  r'V "  ' 

In  Table  6  the  valiea  of  a2/:  are  aitsut  a  factor  of  three  larger  ’’ 

than  that  .calculated  f  row  Eg.  35  and  this  may  be.  due— a*  discussed  :  " 
previously— to  the  dltfeiciwe  between  the  capabilities  of  clean  sea 
water  and  laboratory .cl^ah ■%a^r  ';t^%iL^taih,iarge;;eievetion.  spectral 
density  at  large  wave  nimi*^  generate  capillary  waves  1  " 

This  uncertainty  of  about  three  in  a%i  makes  the  ratio  of  <jt  /qtt  = 
0(rz)  uncertain  by  a  factor  of  about  .  Notwithstanding  this,  de¬ 
pending  upon  the  distribution  of  [Ej,  (k, )]z ,  one  would  expect  that 
ratios  of  variances  would  be  less  affected  by  this  uncertainty  and 


' :  i  >'•'  if- 
'  f/-9  ; 


ifluU  marj 


that  the  trends  indicated  are  valid.  Thus,  Table  7  permits  the  fol- 

n  .  „ 09  ■ 

lowing  lsf's  of  the  various  parameters  with  v,,,a  in  knots 


ail 


a2,  =  0.0062 

v  6- 

a2/.-  =  0.286  v®;9a66'  ;  <3 


ct2///  —  .1.0-7  v( 


Tl  .  522 

c  •  » 


(-> 

‘  '•i ,**  t-  ' 

s  (c  r1 )7 


1.689 


=  6.6  V... 

ct2/  /a2//  =  0.216  vj 


-O  .14  6 


O'" 


azu  hau  =  0.263  v‘ 


-O . 666 

I*  * 


where  the  latter  three,  Eqs.  SO  to  52  are  related,  respectively,  to 

,  O  -  ’  -  '  fj  ’  .  ,  *  .  * 

correlation  lengths  rz ,  rz,  ,  and  rz#  .  -The  values  of  (oz»  /at,  at*  ) 
of  Table;!  7  are  shown  in  Figs*  9  and  10  in  the  form  0 .. 
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to  correspond  to  the  coefficient  of  Eq.  21b. 


°  O 


.  »■ 


Now  for  ff  *  60 


a80.2^5  Om=  and ‘Tram  Tablsi  07  it  seems 


C< 


clear  that  for  v,##  >  4.$  knots,  oz#  /C|«  «  X* .  Thus,  Eq.  21b  applies 


to  the  data  of  rigs.?  9  and  10  srtd  one  is  led  on  the  basis  of  olt  to 
the  speculation  that  wind  speed  measurements 


5  knots  for 

the  data  of .Table  6  may  have  been  subject  to  Some  error.  The  agree¬ 
ment;  between  the  lsf  to  acoustical  data  of  Figs.  9  and  10  and  the  plot 
of  10  log  [(a2#  /ffx/ Cj-w  jo  S  db  or  better  appears  to  be  unexpect¬ 
edly  good,  in  view  of  the  uncertainty  in  elevation  derivative  vari¬ 
ances  . 30  At  acoustic  frequencies  below  60  kcps,  XK ,  of  course; ‘be¬ 
comes  larger,  so  that  for  0.6  kcps  *  :f s  60  kcpsA  ojir  /ot*V<<  X,  and 

only  Eq.  21b  need  be  of  interest. ,  In  fact,  it  appears  that  Until 

.  ''  c:  .  v  "  '  :  '  ?- .I  -r.  v,  *'Vr"  "  '  **..  ..  ' 

fr  ss  1  Mcps,  Eq.  21b  is  suitable.  Thus,  one  may  approximate  N„o  using 

Eq.  42,  and  use  N.  =  (N,  >.  =  -i3  db  for  V,,m  >‘20  knots.  'She-  ■ 
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curves  of  Figs.  9  and  10  probably  may  be  extrapolated  to  N,  =  0  db 


at  vMt  =  0  because  the  reflection  strength  of  a  dead  calm  Sea  is  at 
this  level-.’.  -  c  .■ 


6  V.  SUMMARY  \| 

<•> 

One  should  at  this  point  congregate  the  relations  for  surface, 

o  - 

sublayer,  and  reflection; strengths,  Ns ,  N,  ,.-  and  N, ,  together  with 
their  limitations  from  the  foregoing  and  then  relate  these  to  total 
reverberation  strength.  As  previously. 


-AO  .  10HSA0  +  10N, AO  +  10K,A0  _ 


J  c 


The  elements  of  NT  are,  first,  sea-surface  scattering  strength  Ns , 


ir8/  ■  *  s in4 «p[Ej  ( 2k, cos  ep,  v..a)]8  ,  (15) 

'O’-  ■  ‘  f  nS  s'4 

in  which  [Ej  (21^008  <p,  may  be  evaluated  from  Eq.  24  if  not 

otherwise  available.  If  Eq.  24  is  used,  then  the  limitations  on  k,  , 
fr  »  v,.,,  and  q>  are  a  V  °  r>  '  ■;  ' 


0.  95  2k,  cos  cp  a  5  cm" 


0.6  a  %  cos  q>  <60 


o  '  .  'j 


5  e  vi#,  a  15  Knots 

‘r  '  ...  ?.  °  .A... 


>Bnot  ■  too  small. B 


°  '  o  (( 

1  n  W 


/It  will  develop  below  that  this  latter  means  N,  =  Nt  (v,#, ,  k, ,  cp) 
fdr  cp  s  60  deg  and  N,(vi#a  ,  k,  *  cp  at  60  deg)  =  ^(v,^ ,  k, ,  60  deg). 
The  indication  of  the  experimental  data  (Fig.  6)  is  that 


Ns  (v,##  s  /5  knots,  k, ,  cp)  =  N,(5  knots,  k, ,  <p) 


and 


Ns(v,#a  a  15  knots,  k,  ,  <p)  =  N,  (15  knots,  k, ,  <p)  .  (55) 


■  (l 


The  second  element  of  Nt  is  sea-surface  sublayer  scattering  strength 

n,,  ,:V  Vv 


fz0(kr  )[Ex(2kP>]3 

»  '  w  =  2nsin  cpk*  ) - - - 


)• 


(19) 


where  the  bracketed  biased  psd  may  be  evaluated  from  Eq.  30  in  the 
.absence  of  better  spectra  in  which  case,  the  following  restrictions 


0.05  £  2k.  -  s  5  cm"1 

v 

0.6  *  f,  *.  60 

v  i  ‘ 
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5  sc  yt##  sc  15  knots 
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The  indication  of  the  experimental  data  (Fig.  6)  is  that 
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o  N,<v#;a  knots,  Itjf,  «p)  -  Nv(5  knots,  k, ,  <p) 
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Finally,  the  reflection  contribution  N„  to  Nr  is 
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and,  N„o  and  at,  may  be  evaluated  from  Eqs.  42  and  35  if  not  other¬ 
wise  available.  v;  0 

'  >  ■'  ■  o  .  •> 


If  Eq.  42  is  used,  then 


and 


\  =  N„o(vI0.),  for 
2  s  v, ,,  £  20  knots 
k,  ^  50  cm-1 
fr  <  1  Mops 


V  =  (%}  ^  -13  db,  for 

o  1  °  /  l  i  ■ 


4«t  >  20  knots  . 
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If  Eq.  35  is  used  then 

•\ 

Q  .  <’  '  • 

Pi#  -  a?/  (v, ),  for 
'■  o’  0  *  vi#,  <  27  knots 
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With  Eqs.  15,  19,  and  21b  written  with  their  limitations,  it  is 
possible  to  study  ths  compatibility  and  acceptability  of  the  relation¬ 
ships,  i.e. ,  Whether  N,  and  N, ,  and  N,  and  N„ ,  as  pairs,  match  suit¬ 
ably,  where  they  "cross -over”  one  another,  and  With  what  confidence 
they  may  be  used.  .  o 


..  o 


o 


First,  N$  =  Ny  when  according  to  Eqs.  15  and  19 

•  -  ■  :  <>  ^  . 


4kJsiritcp[Ez  (2k, cos  cp,  v,,,)]g 


-  2nk^  sin  cp 
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A  detailed  calculation  of  each  side  of  Eq.  63  shows  for  5  £  v,#t 
s  16  knots  and  for  0.6  as  fr  <  60  kcps,  that  the  angle  of  cross-over 
of  Nj  and  N,  is  approximately  28  deg  £  cp(Ns  =  Nv )  s  50  deg.  Only  a 
small  dependence  upon  sea-surface  wind  speed  is  exhibited  in  this  cal¬ 
culation  and  at  15  knots,  cp(Ns  =  Nv )  progresses  from  30  to  50  deg  as 
f p  progresses  from  0.6  to  60  kcps.  In  view  of  the  approximate  tan4cp 
scaling  of  Eq.  29,  the  gist  of  this  calculation  is  that  at  fr  -  60 
kcps  and  v,  a,  =  15  knots  the  spectrum  of  Fig.  4  based  on  q>  =  50  deg 
may  be  a  factor  of  two  high,  and  there  is  some  indication  of  this.  V". 
At  lesser  frequencies  the  errors,  involved  are,  of  course,  much  less. 

On  the  other  hand,  when  q>(Ns  =  Nv )  <  40  deg  the  implication  is  that 
turbulent  sublayer  spectra  based  on  <p  =  10  and  30  deg  are  credible, 
as  the  general  similarity  between  the  results  for  these  two  grazing 
angles  suggests.^  Further,  in  view  of  the  turbulent  sublayer  scatter¬ 
ing  (~  sin  cp  when  referenced  to  sea-surface  unit  area)  which  is  an 
effective  bias  to  surface  scattering  (~  tan4<p)  for  grazing  angle  less 
than  about  40  deg,  one  could  deduce  an  empirical  Lambert  scattering  " 
rule  (~  sii^op)  as  a  description  Of  sea-surface  scattering.2 

Next,  there  remains  a  consideration  of  grazing  angle  variation  0 
of  N,  and  N,  hear  =  ri/2*.  and  when  and  if  they  merge  suitably*  The 
statement  "when  and  if"  4s>,  made  because  detailed  calculations  of 
N,(v,,4,  k,  ;»  arid  N,(v,#4,  <P)  show  generally  that  N, (CP,  v##4)  > 

N,(4>,  v,,4).  Considering  that  the  elevation  psd  developed  previously 
from  acoustic  reverberation  data  leads  to  an  approximate  tan4qp  scaling 
law  forN,,  and  that  N„  varies  riser  «p  =>  tr/2  approximately  as 


-\1 


*4  /tr/2  -  <p\8 

■  n  '  )  ’ 


" 

•,  N,  remains  bounded  at  (N.  ),  and  it  is  to 


then  as  cp  -♦  rr/2,  N,(<p)  -  -, 
be  expected  that  anomalies  will  occur.  ,  "  ^  '' ' 

•’  r .  ■  .•  .  '-S 

Now,  if  the  necessary  elevation  psd  were  available,  it  is  prob¬ 
ably  true  that  a  numerical  calculation  of  the  theory  of  Eq.  15  could 
give  guidance  to  matching  N,  and  N„ ,  presuming  all  the  assumptions  of 
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that  development  apply  (isotropic,  homogeneous  surface,  normal  joint 

probability  distribution  for  expanding  quadruple  correlations  to  - 

"’o’,  r--  >■ 

double  correlation,  etc.).  In  lieu  of  this,  taking  guidance  from  the 
numerical  calculation  of  Eqs.  15  and  ?lb,  and  from  the  graphed  data 
in  Appendix  B,  it  is  proposed  that  Ns  be  defined  as  follows:  for  cp  i 
60  deg,  Ns  (  cp  )  is  to  be  given  by  Eq/  15;  and  for  cp  >  60  deg,  Ns  (cp)  =  0 
Ns (60  deg)'.  Hence,  (tt/2  -  cpj  not  too  small  means  cp  k  60  deg.  -  0 

When  the  summary  equations  are  compared  with  all  the  data  of 
Appendix  B,  the  resulting  rms  error  over  the  2459  data  points  is  less 
than  6.1  db;  if  the  data  for  60  kcps  are  removed  from  the  data  field, 
the  rms  error  is  approximately  6.4  db.  Generally  the  average  error 
for  the  entire  data  field  is  less  than  1  db  and  is  1.6  db  when  all 
except  60  kcps  data  are  used.  Hence,  On  the  average ,  the  fit  of  the 
summary  equations  is  slightly  better  at  high  frequencies . 

!  ?  -  .  ;  r/v :  a  v  5  ■ - 

Table  8  —  RMS  ERROR  BETWEEN  SUMMARY  EQUATION  AND 
/  •*  DATA  OF  TABLES  1, c2,  3,  AND  4 
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Table 

Bounds  on  Data 

RMS  Error,  db 

1 

2 

„  3 

4 

v,,,  <  5  knots;  < 

>  tj  '  "  -  ..  <■ 

5  knots  *  V, .  a  V  15  knots 
>  •  -  vi#.  >  ,15  knots 

v_-  — "  ; O  '  *  Q  O 

70  deg  a  <p  is  90  deg 

4.6 

4.8 

5.2 

3.8* 

^  V'  O  ^ 

.Values  of  vi4,  =  3,  4,  and  16  knot 8, .omit ted. 
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VI.  CONCLUSION 


o  This  paper  describes  reverberation  from  the  sea  surface  and  from  ] 
an  intimately  associated  sublayer  based  on  theoretical  treatments.  i 
and  the  analysis  of  acoustic  and  optical  data  relating  to  wind- 
roughened  water  surfaces  in  terms  of  these  theoretical  treatments.  -fj 


Three  mechanisms  are  elucidated:  3  '  c 

V  ”  '  ,  5  J 

i  (1)  diffuse  scattering  from  a  turbulent  sublayer  volume  which  ([1 

is  relatively  important  for  grazing  angles  between  0  and  w 

0  '  ■■  ■  v 

50  deg,  and  ...  v  .  ^  ....  { 


diffuse  scattering  from  the  rough  sea  surface  which  is  rel¬ 
atively  important  for  grazing  angles  between  30  and  70  deg. 


and 


•u. 

vi 


o  .  ' 

(3)  specular  reflection  from  the  rough  sea  surface  which  is  ^ 
relatively  important  for  grazing  angles  between  70  and  90  ] 

v.  "  *  \ 

deg  (normal  incidence),  h  o  '  * 


Based  on  previous1  theoretical  work,  sea-surface  elevation,  slope  j 
and  curvature -related  spectra  are  deduced  from  acoustic  and  optical 
data  under  the  assumption  of  sea-surface  isotropicity  and  homogeneity 

"■V>  ■'  • 

and  these  are  sufficiently  in  accord,  except  at  large  wave  numbers, 

o’  .(*>.'■.  °  .  v  , 

as  to  make  the  analytical  treatments  based  on  these  spectra  credible. 
Discrepancies  in  elevation  spectra,  at  large  wave  numbers  (capillary 


wavelengths)  are  discussed  in  terms  of  Inhibiting  slicks  on  the  sea  <<\ 
surface,  and  the  relationship  this  has  to  diffuse  scattering  and  spec¬ 
ular  reflections  from  the  sea  surface  is  indicated.  It  is  postulated  j 
that  sea-surface  elevation  spectra  at  small  and  large  wave  numbers  j 
are  energetically  isolated;  at  small  wave  numbers,  sea  and  atmosphere  1 


are  in  equilibrium  due  to  energy  transferred  by  pressure  forces;  and, 
at  large  Wave  numbers,  energy  flows  from  atmosphere  to  Sea  surface, 
due  to  viscous  forces1;  from  which  it  is  dissipated  at  still  larger 


wave  numbers. 


v--.  *«-• 


;  .  -  r\n  .  .  <r 

o;.  •  ■  •  -  -  ,„-s3  ,  ..  .  ■  -o  „ 

1  ■  ■  .  ''o  \  :  "•»  ■  >.*  ■  o 

-  \V-  X'',  ~  ^  V  „  •  •'  ,.C'  ■ 

v,  -■  "  :  ■  St  /U  ;■  c.  ,'V  ,  -  '  ,  : 

•  '  \  '  !'j  r,  '=*  •  ,  o 

Based  on  yet  other  previous  theoretical  work,  biased;  spectra  of 
the  turbulent  volui.ie  of  the  sea-surface  sublayer  are  deduced  under 

the  assumption  of  isotropieity  and  homogeneity  of  turbulent  volume 

Vv  ’  ‘  .  '  "?k  ■  o  "iJ  ~  '■  v  •  ■  <\  ■ 

fluctuations.  The  spectra-  are  biased  for,  at  this  point,  there  is 

.  '  , .  \J>,  v  q*  -  __  ,1  9  -  s  • 

no  basis  for  determining  whether  temperature,  salinity,  or  some  other 
fluctuations  cause  index  of  refraction  variations  nor  for  determining, 
as  a  f  unction  of  ^acoustic  f  requency,  the  effective  depth  to  which 
scattering  takes  place.  Nevertheless,  there  is  sufficient  agreement 
relative  to  Wave  number  dependence  of  the  biased  spectra  with  iso¬ 
tropic,  homogeneous  turbulence  spectra  to  justify,  the  assumption  of . , 
a  scattering  sublayer.  Notwithstanding  anistropy,  inhomogeneity,  re¬ 
flections,  possible  refraction,  and  other  effects  attending  the  sub¬ 
layer,  the  similarity  of  the  biased  spectra  with  theoretical  estimates 
suggest  that  the  quotient  of  the  effective  depth  of  sublayer' scatter¬ 
ing  and  the  square  of  the  characteristic  value  of  the  turbulent  field 
is  substantially  a  constant  for  all  acoustic  frequencies. 

Finally,  and  based  also  on  previous  theoretical  Work,  a  Gaussian 
variation  of  surface  facet  reflection  strength  with  normal  incidence 
angle  is  justified.  A  lower  limiting  value  of  reflection  strength  at 
normal  incidence  with  increasing  wind  speed  is  found  acoustically  and 
optically,  and  this  is  likened ^  to  a  similar  phenomenon  in  air  turbu¬ 
lence  experiments.  The  relationship  between  normal  incidence  acoustic 
reflection  strength  and  ratios  of  elevation  derivative  variances  is 
demonstrated.  „  '*  \  '  o  ...  'A-  $ 

,  '  ..  o  o  Sj  0  ’  ...”  o  o  ■" 

The  agglomeration  of  the  various  theories  and  data  used  here  re - 

4  '  ' '  ■ji'P  .  .0  O  .  •  }.  j  <>  '  0 

suits  in  a  sea-surface  reverberation  strength  theory  which,  when  used 

'  '  ..  .  -  ao  -  ,  ■  ‘  ■'  -  *C; 

as  a  correlation  formula,  permits  determination  of  values  as  a  func¬ 
tion  of  acoustic  frequency  <0.6  tro  60  kcps),  grazing  angle  (0  to  90 
deg);  and  sea-rurf ace  .Wind  speed  (v,,,  >  2  knots)  with  an  average  rms 

"  1‘ .  *  ~V|  ■  •  ’  o  '■  ■-  -  . 

error  of  4.6  db.  A  consideration  of  published  correlations  formulas 

s‘  '•  .V  -i 

(Appendix  B)  indicates  that ,  in  general,  this  rms  error  of  about  5  db  ; 
is  as  low  as  current  techniques  permit  and  that  a  systematic  Consid¬ 
eration  of  sources  of  eriors  is  required  before  it  may  be  reduced. 

^  A  '  ,.‘f  •  .  -  •'  i  c/  ‘  f}, 
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One  inference  of  this  paper  is  that  acoustic  reverberation  due 

to  surface  and .sublayer  scattering  and  surface  reflections  ought  to  i 

be  considered -on  non-dcoustical  bases.  That  is,  suitable  optical  ■-} 

(perhaps  laser)  and  hydrodynamic  (perhaps  radioactive )  techniques  s 

o  „  •/  '  ’  -  .  I 

may  elucidate  surface  and  sublayer  spectra  and  their  dependence  upon 

the  contaminants  (oil,  a?-,  etc.)  of  the  water-free  surface.  Given  I 

these  fundamental  data,  a 'more  accurate  assessment  of  the  sources  of  i 

reverberation  and  their  apparent  deviation  from  theoretical  estimates  \ 

would  be  possible  and,  at  the. same  time,  a  substantially  better  under-; 

standing  of  reverberation  would  be  at  hand.'  ; 


Another  implication  of  the  paper  is  that  the  sea-surface  energy 


$> 


(on  an  atomic  and  molecular  scale)  may  be  decisive  in  determining 
elevation, spectral  densities  of  roughness,  hence  surface  scattering  j 
and  surface  reflection  of  energy.  As  the  sea-surface  structure  has  ; 
relevance  to  electromagnet ic  as  well  as  acoustic  waves,  one  may  ex-  f 
pect  that  our  understanding  of  the  scattering  and  reflection  of  light  \ 
and  microwaves  from  the  sea  would  be  enhanced  as  well. 


Finally,  if  as  it  appears ,  the  sea-surface  elevation  spectrum  is  \ 
energetically  divided  by  wavelengths  of  the  order  of  one  centimeter,  j 
and  more  or  less  one  dekaineter,  respectively,  and  these  two  regimes  '£\ 


i 


are  predominantly  affected  at  short  wavelengths  by  viscous  forces 
and  at  long  wavelengths  by  pressure  forces,  then  this  "variables - 
separable"  view  of  waves  may  present  a  more  tractable  model  from  which i 


a  better  understanding  of  the  sea  surface  may  be  developed. 
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using  Eqs,  8-11,  -v 


'Nv 


(of«  /(J2  /  Ozih  )  — 


ra-  k£"a)2 


(5  -  arcfera  -  1<0  )(k'r 

-  ^  ■'  }’ 

Now  if  a  e;  1,  and  kt  »vko  then 

•  >  o  ,• 

o  ”  ( &  /bfz/ .  Qiw  )  3  /kj  • 
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From  Fig.  3  it  appears  kotv,*,  )  o  and  k,  (  vie  ,  )  -*  ®  ,  thus 
(<V  /o2/  av„  %  -  0  as  vf ,,  -♦  ®.  ,  .v- 
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Al.  The  brackets  <.  >> denote  an  ensemble  average. 
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A2.  The  subscripts  wli"  and  ?2in  will  be  used  only  where  clarity  re-  ] 
quires  it  for  distinguishing  one-  and  two-dimensional  isotropic  j 
surfaces.  'In  what  follows  k,.,*  k.  ,  o  v  j 


A3.-  Ian  N.  Sneddon Fourier  Transforms .  New  York,  Toronto,  London, 
McGraw-Hill  Book  Company,  l9^r,  p.  52,  Eqs.  (14)  and  (15),  for 
example.;  ,,  vy  \  ,  0  \\ 


a? 


A4.  W.  Grobner  and  N.  Hofreiter.  Integraltafel.  Vol.  II,  Springer-  r<\ 
Verlag,  1958, vp...  200,  Eq;!  (2a).  : 

Bl.  M.  Schulkin,  private  communication,  December  1965.  j 

//  I 

Cl.  N.  Bowditch,  American  Practical  Navigator.  U.S.  Navy  Hydrographic 
Office,  U.S.  Government  Printing  Office,  Washington,  D.  C. ,  1962, 5 
p.  731.  o  i 
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APPENDIX  A  ;/ 

RELATIONSHIPS  BETWEEN  ONE-  AND  TWO-DIMENSIONAL  V 

POWER  SPECTRA  OF  A  SURFACE4 

f  '  '  :  ~  '  0  ■  (>  -  ■  ■■: 

Let  z(x,  y)  denote  the  elevation  of  a  statistically  isotropic 

-  '  .  V  c*  •  ’ 

and  homogeneous  zero-mean  random  surface.  The  2-D  autocorrelation 
or  covariance  function  Of  z  is^ 


K) 


Bz(x,  y)  =  [z(*'»  y '>*(*'  -  x,  y'  -  y)]r  .  '  J)  (Al)  5 


it-, 

?a 

's; 

\ 


Bj (x,  y)  is  independent  of  x'  and  y'  because  of  the  homogeneity  as- 
sumption.  /(Homogeneity  is  the  spatial  equivalent  of  stationarity 


for  a  time -dependent  process.) 


The  isotropy  assumption,  means  that  B*  (x,  y)  is  invariant  under  f 
a  rotat ion  of /Che  coordinate  system,  which  implies  that  B*  (x,  y)  can  1 
be  written  in  (the.  form*1  '  “  v  I 


■‘a 


B,  ix,  y)  -  f*i(»)l  . 

°  L  '  ,Jst 


fL, 


o 

-  "  ,  0 


where 


v  -  */£<  4-  y*  . 


(A2) 


(A3) 


The  1-D  autocorrelation  function  of  t  can  be  written 


-  f>(*'  -  x,  y')z(x',  y')]  . 


(A4) 


It  follows  that 


I 

} 

1 

I 

I 

\ 

1 


[bt(x)];  =  [bzCIxI)]^  *  Bi(x)  . 


(AS) 


3  * 


c  Next the  2-D  psd  function  of  z  is,  by  the  Wiener-Khinchine 

/;  ° ,  «•>  .  ..  •*  ■  ij 

theorem,  the  2-D  Fourier  transform  of  Bz(x,  y),  i.e., 


Et(K,  V>  =  (1/2»T) 


00 


C.®  <-oo 


exp  [i(k,x  +  kyy)]  Bj  (x,  y)  dx  dy 


^  l 


Transforming  to  polar  coordinates  in  x  and  y  and  invoking  Eq.  A2 
yields 


EzCKc,  K  )  =  Ci/2n) 


00  /»2tt 


exp  ti(k*r  cos  cp  +  kyT  sin  cp)][Bj  (r)]  rdr  , 


in  which  cp  is  a  polar  coordinate  and  is  not  related  to  the  grazing 
angle.  Now  putting  ,  > 

-  V,  <. 

h  "  k,  =  k  cos  6,  ky  =  k  sin  0  ,  ..." 

causes  Eq.  A7  to  become 


ij  n 


Ez  (k, ,  k,)  -  (l/2n)  rr  exp 


Q  v  .  •  v 

Evaluating  the  integral  over  cp  gives 


,  -  •  (A8) 

cos  (cp  -  0)]  Bj  (r)  r  dr  dcp  . 


'•  °.a 


<  Ol>(kr)  Bz  (r)  rdr  ... 

o 


(A9) 


% 


a  function  of  -  °  «. 
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:EZ  Os,  ,  ky )  =  I 

^  <*  1 
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Eq.  A9  further  states  that  Ez  (k)  is  the  Hankel  transform  of  B* (r) 


Ez(k)  =/  <  jQ  (kr)  Bz  (r)  rdr  , 

•'O 


which  in  turn  implies  that* 


(A12) 


Ez(r)  =  j  J0(kr)[Ez(k)]2i  kdk  \  (A13) 

Correspondingly ,  the  1-D  psd  function  is  given  by  -  c 

[e2  (k)J^  =  (1/V5n)  f  e1  k x  [ Bz  (x)]  dx  .  (AU) 


It  follows  from  the  homogeneity  assumption,  Or  from  Eq.  A5,  that 
Bz (x)  is  an  even  function  of  x,  so  that  Eq.  A14  can  be  rewritten  as 


Ml 


cos  kx[Bz  (x)3  dx  .  A  (A15) 


Inverting  Eq.  A14  and  invoking  the  evenness  of  [Ez (k)]j  implied  by 
Eq.  A15  yields  ,  ' :  /  *V;  '  t  C" 


=  v2 


cos  kxpEz(k)l  dk  .  (A16) 

u .  L  ’  X  J,!'  ^ 


Next,  using  Eqs^  A5, ^A12| :  A1&  affords  a  representation  of 


[Ez  (k)]21  in  terms  of  [Er  (k)],  . 


^  (k)]2j  =  jT*  dbCkr)[^  jF  cos  k/r|*Ez  (k#)]i  dk'j 


(Al?) 


ty.  .  c- 


At  this  point,  it  would  be  advantageous  to  be  able  to  interchange 
the  order  of  integration  in  Eq.  A17,  but  the  integral  over  r  that  is 
obtained  is  improper.  To  circumvent  this  difficulty,  the  integral 
over  k'  will  first  be  integrated  by  parts.  Assuming  that  [Ez (k')]j 
vanishes  as  k'  becomes  arbitrarily  large,  the  result  is  that  v 


o 


.  , ii  ,  .  „,  .  , 


,0 


•*.  -  u 


:i 


A  J 

\\  s 


'  O  ~  r 

' ...  l£ 


[E:  00]gi  =  jF  (kr)  jVl/rW^f^ OO^sin  #r  dk'J  rdr-%_  (A18) 

■■■.■'  ■,  ...  ’•■•  '•  ,  ■■  ’. .  ,!i-  ■',  '  ’  p  . 

where  [E/ (k')]z  =  (d/dk/)[Ez  Ck/ >3i  •  It  is  how  permissible  to  inter¬ 
change  the  order  of  integration/;  with  the  result  that  ~ 


[E‘(k>L  s  - 


J2z'(k')J  1J  0^  (kr)sin  k'r  dr  |  dk'  .;  (A19) 


-I 


O  .-J 
i 

X  *' 

.  i 

t 

i 

f 


A4 


The  integral  over  r  is  a  standard  form,  so  that  Eq.  A19  becomes 


[^(k)]  =  -  */2fr  J  [Ez'(k')]  (k/a  -  ka  dk'  .  (A20) 

*4  k  ■  1  iY 

°  ■  .  >-  A  . 

This  expression  can  be  integrated  by  parts  to  give  [Ez (k)]a  t  in  terms 

of  [Ez (k)]| j }  the  result  is  "  <|t  '  ; 


=  v2 


Ez  (k)]^  -  [Ej(K')]  }(k*  -  kar3/3  k'dk' 


v 


Either  Eq.  A20  or  Eq.  A21  is  suitable  for  transforming  the  1-D  spectra. 
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'  o  0  '*"  APPENDIX  B  ;;  ,•  * 

ACOUSTIC  REVERBERATION  STRENGTH  DEFINITION, 
DATA,  AND  CORRELATION  FORMULAS  . 


ii 


A.  DEFINITION 


The  acoustic  reverberation  data  used  in  this  report  are  attrib¬ 
uted  to^jrhe  sea  surface  (i.e.,  considered  to  be  an  area  phenomenon). 
Thus ,  ;;one  may  approach  a  definition  of  reverberation  strength,  opera¬ 
tionally.  Consider  Fig.  B-l,  where  a  transducer  (transmitter- 
receiver)  ensonif ies  at  grazing  angle  cp  a  patch  of  sea  surface  with 
area  A  and  with  steradiant  intensity  dl,  /dfi .  The  ensonif ied  surface 

scatters  and  reflects,  more  or  less,  as  appropriate  to  cp.  Some  of 
(.  :  ■  *V' 

the  energy  reverberates  ("backscatters")  from  all  points  (px ,  p8,  . . . ) 

on  the  surf  ace  to  the  transducer:  and  corresponds  there  to  a  reverber- 

■S 

ated  radiant  intensity  dIT/dft,  i.e. ,  energy/unit  area  at  the  trans¬ 
ducer  may  be  converted  through  the  geometry  of  the  situation  to 

\i  i  e‘  . .  7 

energy /steradian.  Now,  if  transducer  depth  zt  is  sufficiently  large 
and  ensonif  ying  beam  half -width  Ac p;is  sufficiently  small,  then  one 

V;  ■  ,0  ^  •  '/  ' 

may  assume  that  reverberated  steradiant  intensity  is  proportional  to 
area  A.  Now  dl,  /dCl  and  dIT/dft  are  measured  at  the  transducer  and f  , 

dl,  /dO  suffers  a  change  due  to  attenuation  and  perhaps  refraction;, 
as  does  dl. /dl .  in  traversing  the  distance  from  transducer  to  surface. 
The  convention  then  in  defining  reverberation  strength  is  to  correct 

<i  •  *  / 

dl,  /dO  and  dIT/dn  to  a  distance  of  one. yard  from  the  scattering  sur¬ 
face  and  to  normalize  dIT  /(XI  to  a  one  square  yard  surface.  Thus,  re¬ 
verberation  strength  NT  is  in  db  given  by  0  0 


/diT/dn\ 

,l  °  \dl y  i! 


Nt  -  10  leg 

where  the  subscript  is  self-explanatory  in  view  of  the  foregoing 

'*  °>  1  -a  63 
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Now  a  reverberation  strength  for  volume  may  be  defined  on  the 
same  basis  as  that  for  area,  except  that  a  unit  volume  rather  than  a 
unit  area  is  required.  In  the  present  analysis,  however,  it  develops 
that  volume  (sublayer)  reverberation  has  been  attributed  by  the., vari- 

ous  authors  to  a  unit  area  of  the  surface1.)"  Thus,  the  reverberation 

>  V; 

strength  of  the  sublayer  referred  to  the  unit  surface  area  appears  to 
vary  as  sin  <p  because  the  volume  of  reverberation/unit  surface  area 


64 
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o  ? 
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•  '  r."  /- 

•-V/  r*:&  'V 


, \\  .-VO 


remains  constant  with  cp,  but  the  energy  density  in  the  reverberating 
volume  varies  as  the  projected  area  A'  of  the  surface  area  A  (i.e. , 

H  ‘  *?  ’  ...  If  .  ■' 

as  sin  cp).-  v  *  ...  "v  V  .  " 

B.  DATA  .  ,,.U  '  ''  ^ 

The  acoustic  reverberation  data  used  in  this  paper  have  been, 
taken  from  the  literature  where  necessary  and  augmented  by  private 
correspondence  where  possible.  In  either  case  graphical  presenta¬ 
tions  were  converted  to  tabular  data  with  a  given  data  point  described 

0  '  l?  . , 

by  frequency  (or  octave  mid -point),  wind  speed,  grazing  angle,  and; 
reverberation  strength.  These  data  are  presented  graphically  in  Figs. 

B-2  through  B-8  (pp.  69  to  83)  and  are  coded  as  in  Table  B-l. 

.>•  \y‘\\ V 

'Table  B-l  —  CORRESPONDENCE  BETWEEN  DATA  SOURCE 
'  OF  RE  VERBERATION  DATA  GRAPHS  ' 


Symbol 

X 

* 


•  1  'fi  (•'/'  . ••  ' 

Sourer.  $  •-  ’  ^  .’.V 

;;  Reference 

// 

Urick  &  Hoover  ])  1  .yV 

National  Defense  Research  </'P: 
Council  .)  ”  [v  - 

■9  C 

■  ■;  i 

.!  ,s  6. 

0. 

Garrison,  Murphy,  Potter  Pp 

4,  10 

Chapman  &  Harris  v  Q 

"  5,-9  . 

Richter  - "'<> 

6  ,  ; 

Hayes 

8 

Marsh  ° 

■  v»^ 

21 

^  V  v ' v'  ^  -  °  <•  . 

Some  of  the  data  in;  he  figures  of  this  Appendix  and  in  the  lit- 

o  f.  A 

erature  were  not  directly  used.  Data  of  Ref.  11  correspond  only. to  a 

j  i  '  °  ,  °  c  '  . 

grazing  angle  of  3  deg,  much  below  the  arbitrarily  chosen  minimum 
grazing  angle  for  the  analysis.0  Data  of  Ref.  16  at  normal  incidence 
were  not  used  in  view  of  the  greater  abundance  of  data  at  60  kcps 
over  a  wider  range  of  grazing  angles  near  normal  incidence.  The  data 
of  Ref .  21  were  not  used  because  wind  conditions  were  not  reported 
specifically  but  alluded  to  as  being  for  sea  states  0  to  4,  i.e.,  ° 

O  s  v,,a  s  20  knots,  approximately. 


i.y 


.v,,  C 


C.  CORRELATION  FORMULAS  "  v,  'a^  >  ;•> 

Correlation  formulas  have  been  fitted  to  some  of  the  data  of  this 
Appendix;  generally  they  are  of  logarithmic -trigonometric  form  and  as 
they  appear  here,  employ  units  of  kilocycles  per  second,  knots,  and 
radians.  The  first  of  these,  applying  to  acoustic  frequencies  between 


0.4:  and  6.4  kcps,  is,  given  by 


13  * 


-/  .  *• 


tt  J-  T  7  r  .  158  o  flv.  180cp 

'  (iooof,)°* 133 J  109  jort 

-  42-4  l0s  [v°;“(iooof,)0-'83]  +  2-6  * 


-  -  42. 4  log  -p  .  so-  -  -  o  T5  a  +  2.6  .:  'v 

.■I  !  Lv°;t  (1000fr  )p,193j 

V,  ’  <1  ’  'a 

""  -  *  .  i  ..  ■■■  . 

The  somewhat  unusual  form  of  this  equation  is  used  in  deference  to  the 
authors  and  also  to  maintain  units  of  knots,  kilocycles  per  second,  and 
radians  as  is  customary.  Equation  B2  may  be  approximated  and  placed 
in  a  more  usual  form  by  using  mean  values  of  vi#4k  =  10  knots  and  f f  = 
1600  cps  so  as  to  fix  the  coefficient  of  log  cp.  Then,  there  results, 

■  o  ;  • 

4,1  .  ...  */'  ■  ■  ,, 

Nt  as  -  56.8  )f  33. 0  log  #  +  24.6  lpg  y;4.  +  8.2  log  f.  ,  (B3) 


for  v. . .  a*  10 


ivf  v,  - .  *  iu.-;  '  yi.e  fit  Si  1.6  kCpS  • 

•*  *•  .*$&,  ■:  ■■■"• 

■o  «  J*  ■  (t  -ft  .  21  i  ~  r-  , 

*  The  next  correlrition  formula-  to  appear  is  for  frequencies 
0.268  a  f£  4  1.2  kcps  .and*  sea.  states  0  to  4.  This  is  given  by 


•'•j  ■  o  _  -v  \\ '  ■  >y  .  ‘-t  > 

N.  *  -  36  +  40  log  tan  cp 

^  f.S  J  •  ,S*  M 


<3  v* 


with  no.  wind  speed  or  frequency  dependence  indicated. 

■•3  V,  Sj.  .  . 

The  first  correlation  formula  to  appear  which  analyzed  all  of 

:  '  "  /I  -(>  on  *.  A‘  ■ 

the  data  in  the  literature  was  applied  to  frequencies  0.4  s  fr  < 

60  kcps,  all  wind  speeds,  and  grazing  angles  cp  a:  60  degs  (i.e.,  some 
of  the  data  of  Refs.  1,  11,  12,  and  13).  The  suggested,  form  of  this 
correlation  formula  is 


NT  =  -  71.1  +  9.9  log  sin  cp  +  24.8  log  vge%  +9.5  log  fr  ,  (B5a) 


_ 


(B5b) 


although  the  least  squares  fit  to  the  data  is  given  by®1 

Nt  =  -  76.9  +  7.3  log  sin  <p  +  32.9  log  +  7.3  log  fr  . 

2 

Finally,  the  predecesror  paper  of  this  present  one  gave  as  a 
correlation  function  (interpreted  in  the  lignt  of  sea-surface  rough¬ 
ness  spectra)  the  following  relation  for  24(v,#,/10)P  £  fr(kcps)  * 
24(v4#4 /0. 7),  and  for  0  <  <p  <  60  deg, 

Ns  =  -  72.9  +  20  log  sin  cp  +  40  log  v, . .  -  5  log  fr  .  (B6) 

The  coefficients  of  Eqs.  B3  through  B6  are  congregated  in 
Table  B-2.  Inasmuch  as  grazing  angle  functional  dependence  Is  not 
consistent  throughout  these  equations,  doing  this  may  appear  to  be 
anomalous.  However,  cp  a*  tan  <p  =:  sin  cp  for  cp  not  too  large,  and  in 
Eq.  B3  the  coefficient  of  log  <p  is  a  variable  at  best.  Thus,  for 
the  sake  of  concise  comparison,  Table  B-2  appears  warranted.  In¬ 
cluded  in  Table  B-2  is  a  reference  value  of  Ns  at  <p  =  30  deg,  v,,,  = 
10  knots,  and  ft  =1.6  kcps. 


Table  B-2  —  COMPARISON  OF  CORRELATION  FORMULAS 
FOR  SEA-SURFACE  REVERBERATION  STRENGTH 


Source 

Constant 

log  f(cp>' 

lo9  v..i 

log  fr 

Ns (30  deg,  10 
knots,  1.6  kcps) 

Chapman  6 
Harris 

-56.8 

33.  f 

24.6 

8.2 

-39.4 

Marsh 

-36.0 

40.0 

0 

0 

-45.6 

Schulkin  & 

a  f-71. 1 

9.9 

24.8 

9.9 

-47.3 

Shaffer 

b  (-76. 9 

7.3 

32.9 

7.3 

Martin 

-72.9 

20.0 

40.0 

-5 

-37.9 

* 

Cf.  Eqs.  B3  through  B6. 
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Finally,  it  is  worth  canparing  reverberation  strengths  deter¬ 
mined  according  to  the  main  text  of  the  paper,  based  on  approxima¬ 
tions  to  surface  and  sublayer  spectra  with  the  correlation  formulas 
of  Eqs.  B3  through  B6,  over  the  particular  ranges  for  which  these 
apply.  Such  a  calculation  has  been  made,  the  results  of  which  are 
given  in.  Table  B-  3  t  in  this  table  both,  average  and  rms  errors  are 
given  so  that  biases  are  evident  as  well;.  *  s 


(J 


Table  B-3  —  COMPARISON  OF  CORRELATIONS  FORMULAS 
WITH  RESULTS  OF  PRESENT  ANALYSIS* 


\  • 
i  * 


-./•  iV'  Source  ,  r‘  "  '  IA 

.  Average  Error,  db 

RMS  Error,  db 

Chapman  &  Harris 

0 

Marsh  ,;;yi 

1  ; 

'  ...  :io  7  . 

Schulkin  &  Shaffer 

•  V-.:-  '  al-3 

[  5 

'  *  '  b\  0  .  < 

.  ;  '  0  ,  7 

Martin' 

*  o  ■ 

;■  v,..  .  •/  o 

O 

Cf .  Summary  of  main  text  ;  a  positive  average  error  means  that-  re¬ 
sults  according  to  the.; present,  analysis  yield  larger,  i.e. ,  less 

results .-v.  ^  Z''  c- 
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The  gist  of  Table  B-3  is  as  follows:  The  present  analysis  gives 

0  V  «'  c  v*'  **  '  i'V’ao  ,  •  .?  .  ‘ _y  . 

results  on  the  average  hot  much  different  from  previously  published 


correlation  formulas.  “This  is  not  unusual,  for-  the  present  analysis 
has  used  only  an  augmentation  of  previously  published  data  and  has 
sought  out  constituent  phenomena  for  spectral  representation  based  on 
the  augmented  data.  The  rms  errors,  listed  in  Tables  8  and  B-3  sug¬ 
gest  that,  with  present  techniques,  errors  in  any  experiment  as  they 
arise  from  lack  of  knowledge  of  radiated  and  received  power,  attenu¬ 
ation,  refraction,  effective  beamwidth,  surface  and  sublayer  statis¬ 
tics,  wind  speed,  uandpass  filtering,  etc. ,  leave  a  residual  uncer¬ 
tainty  which  in  any  event  may  not  be  reduced  below  about  5  db.  Per¬ 
haps,  at  this  point,  it  is  worth  investigating  the  individual  variances 
(ovJO  % ,  dfr  >  aq,,  aj^ ,  etc. )  as  they  contribute  to  the  total  variance 

(cjj  ),  if  surface  reverberation  estimates  are  to  be  improved . 


i 

3 

8 

P 


) 

l 

i 

-  .,r 

^'1 


, « 


68 


F IG URE  B-4  Comparison  of  Expert menta I  Acoustic  Reverberation 
Data  with  Present  Theory  (2.4  kcps) 
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APPENDIX  C 


OPTICALLY  MEASURED  AIR-DRIVEN  WATER  SURFACE 
SLOPE  POWER  SPECTRAL  DENSITY  DATA 


The  psd  of  water  surface  slopes  as  a  function  of  air  speed  over 
water  has  been  measured  using  the  apparatus  shown  in  Fig.  C-l  (Fig, 

■  h- 

1  of  Ref.  19) .  The  data  Obtained  from  this  apparatus  are  shown  in 

Fig.  C-l  (Fig.  4  of  Ref.  19)  which  shows  fS(f )  versus  f  where  f  is 

0 

the  slope  frequency.  In  the  nomenclature  of  this  paper' 
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and  the  right-hand  side  of  this  identity  will  be  employed.  The  data 
of  Fig.  C-l  are  presented  for  air  speeds  at  about  6  cm  above  the  water 
surface  of  vXo  =  3,18,  6.08,  8.20,  and  12.02  m/sec.  The  pertinence 
of  these  laboratory  air  speeds  vlr*  to  wind  speeds  v§,  a  at  sea  will 
be  discussed  subsequently  in  this  Appendix.  The  points  of  Fig.  C-l  O 
have  been  estimated  and  these  feedings  are  given  in  Tables  C-l  and 
C-2  which  contain  the  fundamental  data  upon  which  all  optically  meas-  o 
ured  slope  psd  are  based;  Table  C-l  gives  logarithmic  values  and 
Table  C-2,  absolute  values.  « 

At  the  foot  of  Table  C-2,  two  summations  are  given:  as  g?>  is 


given  by 


..a, 

Oii 


h'  <f>], 


df 


(C2) 


85 


p.  S  n  -  iprm  ***++ 


The  stippled  area  In  the  lower  third  of  the  tank  indicates  water. 

The  cross-sectional  area  of  the  air  passage  is  26.3  by  26.3  cm. 

The  dimensions  of  the  water  channel  are:  14  cm  (depth),  26.3  cm 
(breadth),  6.1  m  (length).  Numerals  refer  to  the  following  details: 

1.  cup  anemometer;  2.  entrance  nozzle;  3.  suction  centrifugal  fan; 
4.  damper  for  controlling  wind  speed;  11.  gnsvel  beach  for  absorbing 
waves.  On  an  enlarged  scale  are  shown:  5.  light  source  composed  of 
four  cylindrical  incandescent  light  bulbs  operated  on  direct  current; 

6.  diffusing  glass;  7.  plate  glass  windows  (top  and  bottom  of  tank); 

8.  hollow  wedge  filled  with  inky  water  (placed  directly  upon  or 
beneath  lower  plate  glass  window  but  here  shown  raised  for  clarity); 

9.  telescope  tube  which  focusses  an  image  of  water  surface  on  a  pin¬ 
hole  directly  in  front  of  photocell;  10.  photocell. 


FIGURE  C-1  Wind  and  Water  Tunnel  for  Measurements  of  Slopes  of  Waves  Generated  by  Wind 
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where  of/  is  the  1-D  ( along  the  length  of  the  apparatus  of  Fig.  C-1) 


Cs: 


variance  of  surface  slopes.  The  value  at,  at  the  foot  of  Table  C-2 


is  according  to  Eq.  35,  and  the  summation  given  is  that  of  the  fore¬ 
going  values  in  each  column.  The  discrepancy  between  the  values  of/ 
and  the  summation  is,  on  the  average,  about  four.  ^  0 

r-  c  *  .  T- 

For  the  purposes  of  the  theory  of  this  paper,  it  is  more  con¬ 
venient  to  use  wave  numbers  k,  rather  than  frequency,  so  the  data  of 

"  .  -  ..  O  '  .o’  ’  A  c;  ,v‘ 

Fig.  C-2  and  Table  C-1  have  to  be  transformed.  Now  the  elevation  psd 
of  a  surface  is  related  to  the  slope  psd  as  * 
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and  the  Slope  spectrum  in^wave  number  space  is  related  to  that  in 


f  requency  space  by 
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relates  f  and  k*  and  determines 


.  . 


.  Thus,  Eqs.  C4,  C5,  and  C6 


transform  f[E,/  (f)],  to  [Ez  (k,  )]* .  [Ejfk,  )Jt  is  the, form  required  in 
Appendix  A  for  transformation  to  [E;  (k,  )]ai  the  2 -D  representation  of  0 
the  psd  oi  an  homogeneous  isotropically  rough  surface.  In  Eq.  C6,  g 
is  acceleration  due  to  gravity,  V  is  surface  tension  of  water,,  and  pM , 
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(density  of  water.  As  a  convenience  in  relating  wave  number,  fre,*ncy 
phase  velocity,  and  length,  Table- ,?-S  presents  these  variables 
parametric  wave  number,  based  on  Ec.  06  and  k,  -  2nfs 
.  •'  figure  C-2  shows  the-  variation , of  ££,,  (k,»,  *s  from  Eq.  C5;  one 
notes  that  for  0.6  <  k.  <  20  cm-  it  frequently  occurs  that 
TB  (k.  V,  „)],  is  not  a  strictly  monotonically  increasing  function 
^’  s^  L  as  one  would  expect,  perhaps,  on  an  intuitive  ba¬ 
sis.  When  «,,<*»  .  Yi.aW*  15  transformed  to  EM«y .  Yu»M*  V 
05  this  non-monotonic  behavior  persists  as  shown  in  Fig.  C-l. 
result,  smoothed  values  of  [E,  (k,  ,  V,.,)],  are  employed  as  shown  m 


Ficr.  C-4.  This  smoothing  does  not  affect  psd  for 

12.02  m/sec,  and  modified  psd  values  for  %.*  =  6-08  and  9.20  m/sec 
by  about  a'  factor  of  two  at  most.  Thus,  [Ez  (k* ,  v^a>)3i  is 
C-4  a  monotonically  increasing  function  of  v10  at  fixed  wave  wm  V- 
The  corresponding  tabular'  values  of  (&■<**  v)]v  are  given  in  Table 
C-4.  At  the  foot  of  Table  03  4s,  shown  an  approximation  according 
to  Eq;  2  of  surf  ace  eXevatiW  veriahce  of  appropriate  to  the  labora¬ 
tory  experiment.  An  analytical  approximation  to  this  whichis  use  u 

below,  is  given  hy  4 
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with  vuY  in  m/se<j  tod  ot  in  cm. 

It  is  us'JMd  in  Raf.  19  that  tha  boundary  layer  distribution 
of  sir  (wind)  spied  Ibpve  water  <rts>  surfioe  U  logarithmic  in  which 
case  laboratory  and  at-ses  meisurements  are  releted  as 
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where  h  is  the  height  of  measurement  of  v.  Now  (oz  )i.«f>i#  *^tVe?'  <in 
cm  and  m/sec)  as  w  r 
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Table  C-3  —  WAVE  FREQUENCY,  PHASE  VELOCITY,  AND  LENGTH 
•'  c  VERSUS  WAVE  NUMBER"  r“ 

0  ,  .  o 


Wave  Number, 

(cm-1 ) 

Wave  Frequency,  ” 

,  cps  ;7 

Phase  velocity, 
cm/sec 

Wavelength,, 

U  .cm;  <■" 

0.001 

.  o  .  •*.  C\  r, 

„  0.158  ■  : 

990 

6280 

0.002 

0.223 

700 

3140 

0.003 

0.273  •  -  : 

572 

2090 

0.004  •> 

0.315 

'/  ,  495 

1570 

0.005 

0.352  'e  /, 

443  * 

1260 

0.006 

0.386 

404  - 

1050  - 

0.007 

0.417 .. 

:  374  ' 

898 

0. 008 

0.446 

350 

785 

0.009 

«  0.473 

330 

698 

0.01 

0.498 

313 

, .  628 

0.02 

0.705 

221 

314 

0.03  •>- 

0.863  o 

181  t- 

209 

•-  0. 04 

0.997 

157 

157 

0.05 

o  1.11 

140 

126 

0.06 

1.22  -  ,> 

128 

105 

/■  0.07  ° 

;  -  j [  *  1.32 

c  118 

89.8 

; ■  o.o8  „  v 

li; _ _  1.41 

111 

78.5 

•  0.09 

1. 50  3 

104 

69.8 

0.1 

1.58 

99.0 

62.8 

0.2 

2.23 

70.1 

31.4 

0. 3 

2.74 

■->  , '  57.3 

20.9 

0.4 

3.17-  - 

■  49.8  ■  ■ 

15.7 

0.5 

3.56  , 

44.7 

12.6 

0.6  v 

'3.91  ■  - 

*  -  41.0  .  i 

10. 5  o 

0.7> 

■■  4.24  • 

38.1 

8.98 

0.8 

'  ‘  "  o  4.56  •  a 

35.8 

7.85 

0.9  . 

.  4.87  ° 

34.0 

6.98 

1 

.  -  5.16  *-  r- 

°c  ‘  ;■  32.4 

6.28 

2  .V  : 

3  8  .'03%.  ....  : 

-  V.  25.2 

3.14 

3 

..  11.1  v  * 

.  _  •  23.4  o 

2.09 

■■  4  « 

°o  ...  .••"'*14.7  o  . 

*  7  "•  23.2 

1.57 

5 

’  18:8  ' 

0  23.7 

1.26 

6  •  0  ’ 

23.4  v  '  .'* 

l«.  24.5 

1.05 

7 

28.4 

25.5 

"  0.898 

8 

33.8 

26.6 

0.  785 

9 

39.6 

27. 7 

0.698 

10  • 

■  ?.  45.8 

.  28.7 

0.628 

20 

124 

38.8 

0.314 

30 

225  *  '  •'  "  \ 

47.1  - 

0.209 

40  c* 

345  Yi 

54.2 

0.157 

50 

482  '  ■  U 

60.5 

o  0,126 

-r  60 

633 

66.2 

0.105 

70 

797 

°  71.5 

0.0898 

80 

973 

O  •  °  ...  76.4 

0.0785 

90  5 

1160  "O' 

81.0  » 

0. 0698 

100 

1360 

85.4 

0.0628 

NOTE:  The  minimum  phase  velocity  is  23.12  cm /sec  and  this  occurs  at  a  wave  ..num¬ 
ber  of  3.668  erf1  for  35  parts /thousand  (35  °%o)  salt  water  at  20°  C. 
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FIGURE  C-3  On*- Dimensional  Water  Surface  Elevation  Spectrum,  Optically  Based 
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Table  C-4  —  SMOOTHED  ONE -DIMENSIONAL  ELEVATION  PSD 


[EjOc,)]  (cm3 ) 


Wave  Number, 

vi.v»  m/sec  j 

k,  (cm-1 ) 

3.18 

6.08 

9.20 

12. 

02 

0.0294 

2.51 

5.01 

25.1 

70.7 

0.047 

5.88 

E-l 

1.25 

4.46 

17.7 

0.047 

1.20 

E-l 

3.54 

E-l 

1.20 

4.78 

0.117 

2.23 

E-2 

8.91 

E-2 

2.51 

E-l 

1.48 

0.185 

3.98 

E-3 

2.51 

E-2 

7.94 

E-2 

1.58 

0.293 

1.00 

E-3 

6.30 

E-3 

1.58 

E-l 

3.16 

0.46 

3.54 

E-4 

4.46 

E-3 

5.01 

E-l 

1.77 

0.713 

3.98 

E-4 

2.23 

E-2 

1.41 

E-l 

2. SI 

E-l 

1.08 

1.12 

E-3 

2.51 

E-2 

3.54 

E-2 

6.30 

E-2 

1.57 

2.51 

E-3 

7.94 

E-3 

1.25 

E-2 

1.99 

E-2 

2.17 

2.81 

E-3 

3.98 

E-3 

6.30 

E-3 

1.00 

E-2 

2.87 

1.00 

E-3 

1.99 

E-3 

3.98 

E-3 

6.30 

E-3 

3.66 

1.99 

E-4 

6.30 

E-4 

1.58 

E-4 

3.54 

E-3  ' 

4.55 

l  58 

E-4 

3.54 

E-4 

7.94 

E-4 

1.99 

E-3 

5.55 

1.41 

E-4 

2.51 

E-4 

4.46 

E-4 

1.00 

E-3 

6.63 

1.12 

E-4 

1.77 

E-4 

2.81 

E-4 

4.46 

E-4 

7.98 

7.07 

E-5 

1.00 

E-4 

1.58 

E-4 

2.91 

E-4 

9.46 

2.51 

E-5 

3.98 

E-5 

7.94 

E-5 

1.25 

E-4 

11.2 

2.51 

E-6 

1.77 

E-5 

3.98 

E-5 

6.39 

E-5 

13.1 

6.30 

E-7 

6.30 

E-6 

1.  77 

E-5 

3.16 

E-5 

15.4 

1.25 

E-7 

2.81 

E-6 

1.C0 

E-5 

1.  77 

E-5 

18.0 

2.51 

E-8 

1.00 

E-6 

3.9G 

E-6 

7.94 

E-6 

21.1 

3.98 

E-9 

3.16 

E-7 

1.58 

E-6 

3.98 

E-6 

24.7 

— 

— 

1.12 

E-7 

7.94 

E-7 

1.58 

E-6 

28.9 

-- 

-- 

1.99 

E-8 

1.99 

E-7 

5.62 

E-7 

33.7 

-- 

-- 

3.98 

E-9 

5.62 

E-8 

1.77 

E-7 

39.3 

— 

-- 

7.94 

E-10 

1.25 

E-8 

5.01 

E-8 

(4..  ^ 

3.8 

E-2 

1.03 

E-l 

4.80 

E-l 

1.98 
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5  of  the  main  text. 


with  the  same  units  as  Eq.  C7.  Thus,  it  is  possible  by  numerical 
means  to  determine  values  of  vi#,  equivalent  to  v1(lb  if  values  of 
h  are  available.  Reference  19  apparatus  has  hx,b  =  6  cm  and  assumes 
a  typical  value  of-h„,  =  12.5  m  (41  ft).  Therefore,  vXab  is  trans¬ 
formable  to  vie,  by  the  foregoing  and  the  results  are  given  by  Table 

......  $ .  0  V 

As  the  spectrum  of  elevation  roughness  plays  a  critical  role  in 
scattering  and  'reT'ifctidhsO'f '%a^e's  from  a  surface,  one  ought  to  con¬ 
sider  the  effect  of  the  finite  dimensions  of  the  apparatus  of  Fig. 

C-1  upon  the  spectrum  of roughness .  Figure  C-l  shows  the  water  depth 
to  be  Z"  =  14  cm;  and  the  tapk  length  to  be  iM  =  6. 1  m.  ,Thus,  one  .4 
would  expect  no  wavelengths  X,  =  a  6.1  m,  corresponding  to  ks  = 
2tt/610  cm  a*  0.01  cm"1 ;  In  fact,  no  data  are  reported  for  k*  <  0.0294 
cm"1 ,  i.e.,  about  three  times  larger  than  the  minimum  expected  and 
therefore  presumably  nofe  greatly  affected  by  tank  length.  In  any 
case,  finite  length  of  ,  the  apparatus  tends  to  diminish  [Ez  (kj ,  vlt  b )]. 


u 


,  The  other  pos s ibilify::’ Of  affecting  the ; water  surface  condition  : 
is  at  small  wave  numbers  by  way, of  the  finite  depth  of  the  tank.  It 
is  known  that  4  particle  near,  a  wavy  water  surface  undergoes  more  or 
less  circular  orbits  and  that,  if  the  water  bottom  is  sufficiently 

- . c  *  *'  >•  ‘  v  o  '* 

near  the  surface,  orbits  are  affected,  thence  wavelengths  and  heights. 

.  ■  -v.  ./'  •  1  '  *  .  °  •  -V...-  ■  Cl 

Now  a  wave  in  shallow  water  suffers  its  greatest  dimunition 


,V( 
— <1; 
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riv*  1 


height  near  SmK  =  1  and^if  ,.**  *14  cm,  then  k*  as  0.07  cm- 


of 

corre¬ 
sponds  fd  thisminimum  condition,at  which  point  the  wave  height  is 
about  Si  percent  of  the  deep  water  height.  Corresponding  to  this 
condition,  the  change  in  wave  phase  velocity  cph  causes  the  wave  num- 
ber  for  shallow  water  to  take  on  a  value  about  20  percent  larger  than 

••  °  -  ()•  ,}{  •  O  %  S' 

would  occur  for  deep  water.  As  zMk*  ■*  0  from  the  vicinity  of  unity, 
wave  height  tends  to  increase  (the  surface  takes  on  greater  variance) 
and  apparent  wave  number,  as  compared  with  deep  water,  increases.  At 
kj  =  0.0294  cm"1 ,  corresponding  to  the  lower  limit  of  Fig.  C-2  and 


,p\ 


others,  wave  height  is  again  at  the  deep  water  value  and  the  corre¬ 
sponding  wave  number  is  about  65  percent  greater  than  the  deep  water 
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value.  Hence,  in  general,  the  finite  dimensions  of  the  tank  tend  to 
affect  elevations  of  the  water  surface  less  than  the  reading  accuracy 
of  Fig.  1,  and  to  shift  wave  numbers  slightly  at  the  lower  limit  of  „ 

,*'»  <Js  *  .  ■  - 

the  optical  data.  The  tendency  of  this  is  to  increase  [Ez (ks ,  vl4b  )]x 
A  typical  correction  is  shown  for  vlllb  =  12.02  m/sec  in  Fig.  C-4;  the 
effect  of  the  correction  therefore  is  to  accentuate  the  postulated 
energetically  isolated  elevation  spectral  intervals  and  to  cause  a 

better  match  with  mechanically  taken  elevation  data  in  Fig.  3.  Be- 

,  *  cl 

cause  finite  depth  and  length  of  laboratory  apparatus  tend  to  com¬ 
pensate  one  another, • no  change  in  the  data  of  Fig.  C-4  was  attempted. 
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lit.  SPONSORING  MILITARY  ACTIVITY 


t.i,  AlijffcAt.T  .  .  ......  .  j 

•  'On  the  basis  of  theoretical  estimates  of  acoustic  scattering  an 
reflection  strengths  of  rough  surfaces  and  turbulent  volumes ,  acou 
tlc  and  dpticalC'dat«  are?  ihterpreted  so  as  to  develop,  on  the  one  ] 
hand,  spectra  c'f ‘sea  surface  roughness  and  of  the  turbulent  sea  su 
surface  layer  and,  on  the  other,  an  acoustic  reverberation  strengt 
correlation  formula.  The , range  of  application  of  both  of  these  is 
for  wind  speeds  up  to  about  20  knots  (about  10  m/sec);  the  spectra 
i,  range  between  0. 05  and  5  radians /cm,  and  the  acoustic  reverberatio 
strength  correlation  formula  applies  between  acoustic  frequencies! 
Of  0.6  kcps  and  60  kcpsy\  c  -  •« 


•  'yiv 


\ 


DD 


ram 

1  NOVAS 


UNCLASSIFIED 

tioirity  C1a«inc*U«l 


If 


